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?*6(/"*$,(*:"6$(.*),6.*$%(-#$",)(+*(:(6&*$'0,$.,>?@5A,$%&*)9())(.*,6'#)$"%) 2222222222222222222222;3A!
TET! I3?BA??3NM EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE SXV!!
B1=D>OF!RU!=??O??"OM>!NJ!=A>NCNPNA?!=MI!1O>OFNCNPNA?!
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RES! 3M>FNIAB>3NM EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE STX!
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J$#/0,1.1#'&$(.* 222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222;<<!
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222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222;<L!
>?@5A,C#9&*,9.*.6'.*&',&*$(-./(")22222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222;<L!
J"T#"*6",&*&'0)(),&*/,$")$),:.%,6./.*,)"'"6$(.*22222222222222222222222222222222222222222222222222222222222222222222222222222;<7!
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J#-R"6$,6C&%&6$"%()$(6)2222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222;<O!
[%.&/,&*/,1.$"*$,C"$"%.'.+.#),*"#$%&'()(*+,&*$(-./0,%")1.*)"),&%",:.#*/,(*,6C%.*(6,
>?@5A,(*:"6$"/,)#-R"6$) 222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222;L=!
NB(/"*6",:.%,C(+C'0,1.$"*$,6.*$"91.%&*".#),&#$.'.+.#),*"#$%&'()(*+,&*$(-./0,
%")1.*)"),(*,6C%.*(6,>?@5A,(*:"6$(.*S,-#$,*.,%.'",(*,B(%&"9(6,6.*$%.'2222222222222222222222222222222222;L3!
!"#$%&'()&$(.*,-0,&*$(5>?@5A,N*B,C#9&*,9.*.6'.*&',&*$(-./("),%"B"&'),/(B"%)",
"1($.1"),&6%.)),$C",>?@5A,"*B"'.1",&%",$&%+"$"/,(*,*&$#%&',(*:"6$(.*,-#$,&%",
*"B"%$C"'")),)#)6"1$(-'",$.,*"#$%&'()&$(.*,")6&1"2222222222222222222222222222222222222222222222222222222222222222222222222;LL!
@(%#),1&))&+",(*,1"%(1C"%&',-'../,9.*.*#6'"&%,6"''),B&%(&-'0,&::"6$),*"#$%&'()&$(.*,
$($%"),-#$,*.$,$C",.B"%&'',>?@5A,"*B"'.1",*"#$%&'()&$(.*51C"*.$01" 222222222222222222222222222222222222;LD!
!"#$%&'()&$(.*,%")()$&*6",(*,>?@5A,(),&)).6(&$"/,M($C,+%"&$"%,"*B,/(B"%)(:(6&$(.*,&*/,
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9&+*($#/",&#$.'.+.#),*"#$%&'()(*+,&*$(-./(")222222222222222222222222222222222222222222222222222222222222222222222222222222;7L!
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H.*$%.',.:,>?@5A,B(%&"9(&,(),)(+*(:(6&*$'0,&)).6(&$"/,M($C,+%"&$"%,9&+*($#/",&*/,
1.'0:#*6$(.*&'($0,.:,$C",K&+5)1"6(:(6,HYD^,456"'',%")1.*)"2222222222222222222222222222222222222222222222222222222;DD!
4C",K&+5)1"6(:(6,HYD^,456"'',%")1.*)",&)).6(&$"/,M($C,>?@5A,"'($",6.*$%.',(),C(+C'0,
:.6#)"/,&*/,.:$"*,&-)"*$,(*,B(%&"9(6,(*/(B(/#&') 22222222222222222222222222222222222222222222222222222222222222222222222222;E3!
>?@5A5)1"6(:(6,HYD^,456"''),/()1'&0,&,/()$(*6$,"&%'("%,/(::"%"*$(&$"/,1C"*.$01",:%.9,>?@5
;,&*/,H\@5)1"6(:(6,HYD^,456"'')222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222;E7!
>?@5A5)1"6(:(6,HYD^,456"''),/()1'&0,C(+C,'"B"'),.:,GY5;S,A[<,&*/,HY;7=,"W1%"))(.*22222;EO!
H.*$%.',.:,>?@5A,B(%&"9(&,(),*.$,&)).6(&$"/,M($C,HYD^,456"''),M($C,C(+C,60$.$.W(6,
1.$"*$(&' 22222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222A==!
>?@5A5)1"6(:(6,HYD^,456"''),/()1'&0,'.M,'"B"'),.:,&6$(B&$(.*,&*/,1%.'(:"%&$(.*,"W,B(B.2 A=A!
4C",>?@5A,6&1)(/,(),#*/"%,+%"&$"%,*"+&$(B",)"'"6$(B",1%"))#%",$C&*,$C",>?@5;,6&1)(/,(*,
$C",)&9",6.99#*($0,6.C.%$ 22222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222222A=<!
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=DDOMI3e EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE;T[!
 10!
C3?>!NJ!J3PAFO?!
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 37!
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rblgB! blisB! &<! )-%*! TFLPb! &<,$1*$+! %'(R$1*%! *#$%$! "P1$33%! +-! <-*! 4$.%&%*! ($5-<+!$9.35! &<,$1*&-<! rbllsK!6'.*#$.!+$*9&3$+!1#9.91*$.&%9*&-<!-,!TFLPU! %4$1&,&1!;0jk!"P1$33%!9%%-1&9*$+!M&*#!E&.93!1-<*.-3!&%!M9..9<*$+!9<+!M-'3+!#$34!&<!*#$!+$E$3-4)$<*!-,! &))'<-P*#$.94$'*&1! %*.9*$/&$%! 9&)$+! 9*! &<+'1&</! E&.93! 1-<*.-3! &<! TFLPU!4.-/.$%%-.%K!!!!
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Figure 1 Phylogenetic classification of 38 new Gambian HIV-1 full-length env sequences (highlighted in red), along with reference
subtypes and additional subtype A sequences (CRF02_AG and Senegalese A3 variants). The full Los Alamos HIV Database (2005) subtype
reference set was initially used to construct the tree, but all CRFs other than CRF02_AG have been omitted here for clarity. The phylogenetic
tree was constructed using a maximum likelihood method [18], under the General Time Reversible model of nucleotide substitution [19], with
proportion of invariable sites and substitution rate heterogeneity. Bootstrap percentiles above 70% from 1000 replications (using the neighbor-
joining method) are shown at the corresponding branches defining major grouping of sequences. Five of the new Gambian sequences cluster
with the Senegalese A3 variant sequences with a bootstrap support of 81 (∞). Branch lengths represent the number of substitutions per
nucleotide sites.
de Silva et al. Retrovirology 2010, 7:82
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Germany), VLGC-J2 (of unknown origin) [29], the 98
BW21.17 isolate from Botswana [30] and the MBTB4,
KTB147 and MBS41 isolates from DRC [31]. A phyloge-
netic tree was constructed as described above with these
isolates, along with the six subtype J-like env samples
from the current study (Fig. 2). All nine subtype J-like
env sequences from the Gambia form a monophyletic
cluster (with a bootstrap support of 92%) and are distinct
from the DRC isolates (Fig. 2).
The Botswana isolate was reported as a novel subtype
A/J recombinant [30], although it has since been reclas-
sified by the LAHDB as an AGJ recombinant, as parts
of the genome are said to be more closely related to
CRF06_AJGK than to any one isolate of subtype A or J
[3]. The GMB22 and GMB24 isolates are also reported
as having subtype A gag regions, although only gag
sequence from GMB22 is available [28]. To test the idea
that a novel recombinant is circulating in the Gambia,
the gag p24 regions from the six novel J-like env isolates
were sequenced and all were found to be subtype A.
Furthermore the gag regions from the Botswana isolate
98BW21.17, GMB22 and five of the new A/J isolates
form a monophyletic cluster with a bootstrap support of
94% (Fig. 3). These gag isolates are distinct from sub-
subtype A1, A2, A3 sequences, as well as those derived
from CRF02_AG isolates. One new recombinant isolate
(N5284_GM) gag region clustered with A3 [13,14] iso-
lates reported in surrounding Senegal, which may indi-
cate further recombination between the novel
recombinant with circulating local A3 strains. One addi-
tional isolate described in the literature, MBTB4 from
DRC, is reported to have a subtype A gag and subtype J
Figure 2 Phylogenetic tree with all available subtype J-like env Gambian isolates (red), including the three older isolates GM4, GM22
and GM24, and other subtype J env sequences from the Los Alamos HIV Database. MBTB4 and 98BW21.17 (in purple) are subtype A gag
/J env recombinants described from outside the Gambia (DRC and Botswana respectively). The Gambian subtype J-like env monophyletic cluster
is boxed. SE92809 and SE9173 are the two subtype J reference strains (From DRC, isolated in Sweden). The phylogenetic tree was reconstructed
as in Fig. 1 and bootstrap percentiles above 70% from 1000 replications (using the neighbour-joining method) are shown. The tree is rooted by
outgroups formed by subtype A1 and CRF02_AG env fragments from the Gambia (N75698A1_GM and N16805_GM). Branch lengths are
expressed as the number of substitutions per nucleotide sites.
de Silva et al. Retrovirology 2010, 7:82
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env region [31]. The subtype A gag phylogenetic tree
was re-built including this isolate, along with three
further DRC subtype A sequences (KCC2, KTB13 and
KTB035), which required use of a shorter fragment
length as described above. The MTBT4 isolate gag
appears to be more closely related to subtype A gag
regions from gag A/env J-like recombinants than other
subtype A sequences (with a bootstrap support of 76%),
including those from DRC (Fig. 3). Of note, the env
region from MTBT4 clusters with the two reference J
envs SE9173 (from an individual known to be infected
in DRC) and SE92809 (bootstrap support of 98), rather
than the other env J isolates with subtype A gag regions
(Fig. 2).
CRF49_cpx, a novel circulating recombinant form
Near full-genome sequences from three of the gag A/env
J-like isolates (N18380_GM, N28353_GM and
N26677_GM) were generated and a phylogenetic tree
constructed as described above (Fig. 4), which provided
confirmation that these viruses represent a novel CRF,
now named CRF49_cpx in the LAHDB. The three iso-
lates clearly form a new cluster, separate from any cur-
rently known pure subtypes or recombinants (with a
posterior probability of 1) and appear to be closely
related to the Botswanan isolate 98BW21.17. Analyses
of subtype recombination (as described above) revealed
a complex, but consistent pattern across the three iso-
lates (see Figs. 5, S1 and S2). In addition to the largely
Figure 3 Phylogenetic tree constructed using alignments of gag sequence from subtype A reference strains (denoted by prefix ‘Ref’),
additional subtype A1 isolates, A3 isolates from Senegal, CRF02_AG isolates and subtype A gag sequence from isolates with subtype
J-like env regions. Gambian isolates are in red, which includes an older isolate GMB22. Sequence from the non-Gambian gagA/envJ
recombinants 98BW21.17 and MTBT4 are highlighted in purple. The cluster formed by gag A sequence from isolates with J-like env regions is
boxed. One Gambian isolate (N5284_GM) falls outside this cluster. The tree was reconstructed as in Fig. 1 and bootstrap percentiles above 70%
from 1000 replications (using the neighbour-joining method) are shown. The trees are rooted by outgroups formed by subtype J and C
reference isolates from the Los Alamos HIV Database (2005) subtype reference set (SE7887 and 95IN21068). Branch lengths represent the number
of substitutions per nucleotide sites. The tree includes the DRC isolates MTBT4, KCC2, KTBT13 and KTB035 which required the sequences to be
trimmed to 623 bp. A similar tree lacking these sequences but reconstructed with a 951 bp length alignment confirmed the clustering (for the
remaining sequences) although with higher bootstrap support.
de Silva et al. Retrovirology 2010, 7:82
http://www.retrovirology.com/content/7/1/82
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! H@I.8%&&';@JKL<'
!
M1#.8%&&';@JNO<!
! 45$A8&%'
PJ*Q!
P?@.B5$A8&%'
PJ*R!
=.I15$&! 45$A8&%'
PJSL!
P?@.B5$A8&%'
PJ*O!
=.I15$&!
T&3?#%1=>"BA' ! ! ! ! ! !?,)$-!GcH! OP!G<;H! B;!GRBH! :.d! PQ!GRdH! O<!GR;H! B.:!L$2-!2N$!2%!*'2N-,('(!'-!7$2&(!GAaH! Qd!GBRH! Q;!GBPH! :.d! Qd!GBQH! QS!GB<H! :.R!eK$&!)2&&'$*!G2%!%')$!,8!*'2N-,('(H!GcH! O;!GSQH! OQ!GSSH! :.P! QB!GdOH! PO!Gd;H! :.<!\2K'-N!T-,5-!($V421!&$12%',-(#'+!5'%#!,%#$&!(40b$3%(!'-!%#$!(%4*7!GcH!
BQ!GQOH! :!G:H! X:.::B! BR!GPOH! O!GRH! :.::P!
eK$&!1'K$*!,4%('*$!,8!C2'D!GcH! PR!G;OH! Od!G;:H! :.<! Q<!G;:H! PB!GdRH! :.R!
U&2$15'
7&>1I"?$%V'U:,A'W'
?8>&%'%"AX'C1B8?%A'
! ! ! ! ! !
eK$&!5,&T$*!2(!2!CA?!G,8!5,)$-H!GcH! P!GBPH! B!G<H! :.Q! P!G;H! Q!GBSH! :.Q!eK$&!K'('%$*!2!CA?!G,8!)$-H!GcH! d!G<:H! Q!GPPH! :.B! Q!GPRH! R!GQ:H! :.R!\2*!9O!($V421!+2&%-$&(!'-!+&$3$*'-N!7$2&!GcH!
BO!GPBH! <!GBRH! :.O! BO!GOQH! ;!GO<H! B.:!
eK$&!#2*!01,,*!%&2-(84(',-!GcH! O!G<H! B!GPH! :.d! O!GRH! B!GOH! :.d!"`\[!+,('%'K$!GcH! B<!GPdH! ;!GO;H! :.Q! O:!GQ:H! BO!GPPH! :.;!eK$&!#2*!2!N$-'%21!(,&$!GcH! ;!GOPH! <!GBRH! :.B! ;!GBdH! S!GB;H! B.:!\"YMFB!+,('%'K$!GcH! Q!GB:H! <!GBRH! :.<! R!GBOH! O!GRH! :.<!
T"1#@?A&A'1@6'
+,-./'6"A&1A&'
=1%13&8&%A'
! ! ! ! ! !
\/MFO!'-8$3%$*!+&',&!%,!B;d;FB;;B!GcH! R!GB<H! BR!G<OH! BP!GORH! OP!GRQH!!/-3'*$-%!\/MFO!28%$&!B;;B!GcH! BS!GQQH! Q!GBPH!
X:.::B!
OB!GQOH! <!GBQH!
X:.::B!
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Evidence for highly potent contemporaneous autologous
neutralizing antibody responses in chronicHIV-2 infection but
no role in viremic control. Similar to the high-magnitude heter-
ologous NAb responses observed and described above, potent
contemporaneous autologous NAb titers against 54/69 envelopes
were observed, with IC50 titers being above 1:10,000 (Fig. 3).
However, no significant association between the magnitude of
contemporaneous autologous NAb titers and plasma viremia was
found (Fig. 3; Kruskal-Wallis test with Dunn’s posttest for multi-
ple comparisons, P! 0.0938). Notably, autologous NAb titers in
HIV-2 controllers with an undetectable plasma VL were equiva-
lent to those in subjects with higher viremia and HIV-2 disease
progression.
A subset of envelopes (n ! 15/69) was, however, found to be
relatively resistant (IC50s " 1:1,000) to autologous contempora-
neous neutralization, and these envelopes were isolated more fre-
quently from patients with higher plasma viremia (P " 0.001,
two-tailed Fisher’s exact test for the proportion of resistant clones
if viremia was"10,000 versus!10,000 copies/ml). Three of these
envelopes were included in the panel used in heterologous NAb
studies and found either to be resistant to neutralization by the
majority of plasma samples tested (CA4205.8 and CA4182.4; Fig.
1) or to display only limited neutralization susceptibility
(CA409.14; Fig. 1). In addition, five (of seven) subjects from
whom more resistant envelopes were isolated (TD15, TD16,
TD19, TD20, TD21) also had high-titer contemporaneous autol-
ogous NAbs against other variants in the quasispecies. Taken to-
gether, this indicates that the lower NAb titers seen in some cases
reflect envelopes with a neutralization-resistant phenotype rather
than subjects with poorer host humoral responses. Autologous
TABLE 1 Details of HIV-2-infected individuals from whom 69 env variants for neutralization studies were derived
Subject
Age (yr) at
sample
collection Sexa
Yr of HIV-2
infection
diagnosis
Yr of sample
collection
No. (%) of CD4
cells/"lb
Plasma viral load
(no. of copies/ml)b
No of env
variants isolated
TD01 60 M 1997 2006 570 (35) "100 1
TD02 58 F 1989 2003 1,086 (44) "100 3
TD03 54 M 1989 2003 816 (40) "100 2
TD04 45 F 1989 2003 1,754 (45) "100 4
TD05 39 F 1997 2006 535 (35) "100 4
TD06 34 M 1997 2003 742 (32) 667 5
TD07 84 F 1989 2006 615 (28) 1,343 1
TD08 59 M 1989 2006 770 (29) 2,078 1
TD09 70 M 1989 2003 883 (30) 3,482 4
TD10 31 M 1997 2006 200 (18) 6,431 1
TD11c 56 M 1997 2003 1,355 (32) 7,260 3
59 2006 800 (30) 14,104 1
TD12 52 F 1989 2006 285 (28) 9,979 1
TD13 73 F 1997 2003 480 (29) 13,371 3
TD14 33 F 1989 2006 1,075 (31) 23,889 1
TD15 56 F 1997 2003 287 (11) 43,396 5
TD16c 40 F 1997 2003 236 (12) 76,493 5
43 2006 100 (9) 148,593 4
TD17 56 M 1997 2003 373 (20) 109,221 3
TD18 40 F 1997 2006 290 (13) 146,284 1
TD19c 61 F 1997 2003 121 (15) 223,924 3
64 2006 160 (8) 37,503 3
TD20 43 M 1997 2003 164 (12) 313,188 5
TD21 72 M 1996 2003 476 (33) 320,272 5
a F, female; M, male.
b CD4 count and viral load are from the same sampling time point that env variants were derived.
c Subjects TD11, TD16, and TD19 have clones from two different time points.
FIG1 Heatmap depicting heterologous neutralization titers of 40HIV-2-infected individuals against 10HIV-2 envelopes. Values given are reciprocal IC50s. The
panel clearly separates into envelopes with divergent neutralization phenotypes. Plasma-envelope combinations that were resistant to neutralization (based on
a titer below a cutoff 3 times the VSV IC50) are additionally marked with a closed diamond.
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NAb titers against six envelopes (of seven used in both autologous
and heterologous NAb studies) were 1.5- to 8-fold higher than the
median heterologous titer against the same envelope (data not
shown), which would suggest that regardless of the neutralization
phenotype of the envelope, HIV-2-infected subjects retain the
ability to mount effective NAb responses specific to Env epitopes
displayed on contemporaneous autologous isolates. No signifi-
cant association between autologous and heterologous NAb titers
in the same individual was seen (data not shown), although data
from only 7 subjects were available for this analysis.
Neutralization by anti-HIV-2 Env human monoclonal anti-
bodies reveals that diverse epitopes across the HIV-2 envelope
are targeted innatural infectionbut arenevertheless susceptible
to neutralization escape. To further characterize the neutraliza-
tion phenotype of the isolated HIV-2 Env variants, a subset was
tested against five anti-HIV-2 Env humanmonoclonal antibodies
(MAbs) with varied specificities. Although there was heterogene-
ity in susceptibility to MAbs among the 21 primary envelopes
(from 13 subjects) and envelopes of the two reference strains
tested (Table 2), those envelopes that were relatively resistant to
autologous or heterologous plasma neutralization were globally
resistant to neutralization by all HIV-2 humanMAbs at the high-
est concentration tested (10 !g/ml). The anti-V3 MAb, 6.10F,
showed the most potent neutralization, and MAb 1.4H, thought
to be a CD4-induced antibody and therefore to potentially target
the coreceptor binding site, neutralized many HIV-2 envelopes in
the absence of soluble CD4 (sCD4). These data suggest that in
HIV-2 natural infection, NAbs with a breadth of epitope specific-
ities that can potently neutralize a variety of diverse envelopes are
elicited, but also that neutralization-resistantHIV-2 envelopes are
likely to represent variants that have accumulated mutations in
multiple sites, resulting in a globally resistant phenotype.
Virus passage in peripheral blood mononuclear cells vari-
ably affects neutralization titers but not the overall HIV-2 enve-
lope neutralization phenotype.Differences in neutralization de-
pending on the cell type used for viral propagation have previously
been noted in HIV-1 isolates (44). The neutralization phenotype
of a subset of HIV-2 Env isolates (gp140 in 7312A-SNAG) grown
in 293T cells as described above was evaluated following minimal
passage in mitogen-stimulated PBMCs for 7 days. Along with
7312A and HIV-1 NL4.3, six primary HIV-2 Env isolates (of 14
tested) produced PBMC-passaged viral titers high enough after 7
days to assess autologous neutralization in TZM-bl cells. Heterol-
ogous neutralization of 7312A and NL4.3 was assessed using
plasma from three randomly chosen HIV-2- and HIV-1-infected
donors, respectively. Consistent with previous observations (44),
PBMC-passaged NL4.3 was less sensitive to neutralization by all
three donor plasma samples (Fig. 4). However, no significant re-
duction in NAb titer of the highly sensitive HIV-2 Env isolate
7312A was observed. Likewise, no significant reduction in NAb
titer of CA4153.9 was seen when PBMC virus was assessed against
contemporaneous autologous plasma. PBMC CA381.4 and
PBMC CA4145.8 showed only modest reductions in neutraliza-
tion sensitivity. This indicates that the high NAb titers that we
observed in HIV-2-infected subjects are unlikely to be due to an
artifact of virus production in 293T cells. The neutralization-
resistant isolates CA4137.19, CA4013.5, and CA4182.4 all re-
mained resistant to (autologous contemporaneous) neutraliza-
tion following PBMC passage, with a clear indication that the
PBMC-passaged viruseswere evenmore resistant than their 293T-
grown counterparts.
Neutralization resistance inHIV-2 is associatedwith greater
env diversification and changes in N-linked glycosylation sites
but not coreceptor tropism or CD4 dependence. To explore the
relationship between intrapatient viral diversity and the presence
of neutralization-resistant envelopes, pairwise genetic distances
betweenHIV-2 env isolates fromeach subjectwere calculated (Fig.
5), using only those with"3 functional env variants available (n!
14). Subjects from whom resistant envelopes were isolated had
significantly higher intrapatient diversity than those inwhomonly
neutralization-sensitive variants were found (medians, 0.034 ver-
sus 0.003 substitutions per site, respectively; P ! 0.0007, two-
tailedMann-Whitney U test). Of note, within each subject, no env
variants were 100% identical at the nucleotide level. These find-
ings also provide indirect support for an association between
higher viremia and viral diversification in HIV-2 infection, as the
median plasma VL in the group with higher diversity was 166,576
copies/ml (range, 43,396 to 320,272 copies/ml), whereas that in
FIG 3 Contemporaneous autologous neutralization of HIV-2 envelopes
stratified by plasma viral load. Of the 69 primary HIV-2 envelopes (from 21
subjects) used, 64 represented gp140 cloned into 7312A-SNAG. Values are
means of two or three independent experiments. No significant difference in
median IC50 is seen between viral load categories (P! 0.09).
FIG 2 Relationship between plasma viral load and median reciprocal IC50 of
heterologous neutralization titers against a panel of 10 HIV-2 envelopes from
HIV-2-infected individuals (n ! 40). A significant positive correlation be-
tween viremia and the magnitude of the heterologous neutralizing antibody
response is found (Spearman’s rho! 0.359, P! 0.02).
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NAb titers against six envelopes (of seven used in both autologous
and heterologous NAb studies) were 1.5- to 8-fold higher than the
median heterologous titer against the same envelope (data not
shown), which would suggest that regardless of the neutralization
phenotype of the envelope, HIV-2-infected subjects retain the
ability to mount effective NAb responses specific to Env epitopes
displayed on contemporaneous autologous isolates. No signifi-
cant association between autologous and heterologous NAb titers
in the same individual was seen (data not shown), although data
from only 7 subjects were available for this analysis.
Neutralization by anti-HIV-2 Env human monoclonal anti-
bodies reveals that diverse epitopes across the HIV-2 envelope
are targeted innatural infectionbut arenevertheless susceptible
to neutralization escape. To further characterize the neutraliza-
tion phenotype of the isolated HIV-2 Env variants, a subset was
tested against five anti-HIV-2 Env humanmonoclonal antibodies
(MAbs) with varied specificities. Although there was heterogene-
ity in susceptibility to MAbs among the 21 primary envelopes
(from 13 subjects) and envelopes of the two reference strains
tested (Table 2), those envelopes that were relatively resistant to
autologous or heterologous plasma neutralization were globally
resistant to neutralization by all HIV-2 humanMAbs at the high-
est concentration tested (10 !g/ml). The anti-V3 MAb, 6.10F,
showed the most potent neutralization, and MAb 1.4H, thought
to be a CD4-induced antibody and therefore to potentially target
the coreceptor binding site, neutralized many HIV-2 envelopes in
the absence of soluble CD4 (sCD4). These data suggest that in
HIV-2 natural infection, NAbs with a breadth of epitope specific-
ities that can potently neutralize a variety of diverse envelopes are
elicited, but also that neutralization-resistantHIV-2 envelopes are
likely to represent variants that have accumulated mutations in
multiple sites, resulting in a globally resistant phenotype.
Virus passage in peripheral blood mononuclear cells vari-
ably affects neutralization titers but not the overall HIV-2 enve-
lope neutralization phenotype.Differences in neutralization de-
pending on the cell type used for viral propagation have previously
been noted in HIV-1 isolates (44). The neutralization phenotype
of a subset of HIV-2 Env isolates (gp140 in 7312A-SNAG) grown
in 293T cells as described above was evaluated following minimal
passage in mitogen-stimulated PBMCs for 7 days. Along with
7312A and HIV-1 NL4.3, six primary HIV-2 Env isolates (of 14
tested) produced PBMC-passaged viral titers high enough after 7
days to assess autologous neutralization in TZM-bl cells. Heterol-
ogous neutralization of 7312A and NL4.3 was assessed using
plasma from three randomly chosen HIV-2- and HIV-1-infected
donors, respectively. Consistent with previous observations (44),
PBMC-passaged NL4.3 was less sensitive to neutralization by all
three donor plasma samples (Fig. 4). However, no significant re-
duction in NAb titer of the highly sensitive HIV-2 Env isolate
7312A was observed Likewise, no significant reduction in NAb
titer of CA4153.9 was seen when PBMC virus was assessed against
contemporaneous autologous plasma. PBMC CA381.4 and
PBMC CA4145.8 showed only modest reductions in neutraliza-
tion sensitivity. This indicates that the high NAb titers that we
observed in HIV-2-infected subjects are unlikely to be due to an
artifact of virus production in 293T cells. The neutralization-
resistant isolates CA4137.19, CA4013.5, and CA4182.4 all re-
mained resistant to (autologous contemporaneous) neutraliza-
tion following PBMC passage, with a clear indication that the
PBMC-passaged viruseswere evenmore resistant than their 293T-
grown counterparts.
Neutralization resistance inHIV-2 is associatedwith greater
env diversification and changes in N-linked glycosylation sites
but not coreceptor tropism or CD4 dependence. To explore the
relationship between intrapatient viral diversity and the presence
of neutralization-resistant envelopes, pairwise genetic distances
betweenHIV-2 env isolates fromeach subjectwere calculated (Fig.
5), using only those with"3 functional env variants available (n!
14). Subjects from whom resistant envelopes were isolated had
significantly higher intrapatient diversity than those inwhomonly
neutralization-sensitive variants were found (medians, 0.034 ver-
sus 0.003 substitutions per site, respectively; P ! 0.0007, two-
tailedMann-Whitney U test). Of note, within each subject, no env
variants were 100% identical at the nucleotide level. These find-
ings also provide indirect support for an association between
higher viremia and viral diversification in HIV-2 infection, as the
median plasma VL in the group with higher diversity was 166,576
copies/ml (range, 43,396 to 320,272 copies/ml), whereas that in
FIG 3 Contemporaneous autologous neutralization of HIV-2 envelopes
stratified by plasma viral load. Of the 69 primary HIV-2 envelopes (from 21
subjects) used, 64 represented gp140 cloned into 7312A-SNAG. Values are
means of two or three independent experiments. No significant difference in
median IC50 is seen between viral load categories (P! 0.09).
FIG 2 Relationship between plasma viral load and median reciprocal IC50 of
heterologous neutralization titers against a panel of 10 HIV-2 envelopes from
HIV-2-infected individuals (n ! 40). A significant positive correlation be-
tween viremia and the magnitude of the heterologous neutralizing antibody
response is found (Spearman’s rho! 0.359, P! 0.02).
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1 CD BS, anti-CD4 binding site. 
2 CD4-induced. 
V Vesicular Stomatitis Virus envelope. 
R Envelope resistant to autologous and/or heterologous plasma neutralisation. 
H Median reciprocal heterologous neutralising antibody titre (against 40 subject plasma 
samples). 
b  Bold data indicate envelope-Mab combinations where no neutralisation was 
observed.  !
  1.7A 
(V4 dependent) 
6.10F 
(V3) 
6.10B 
(CD4 BS)1 
1.4B 
(overlaps V3) 
1.4H 
(CD4i)2 
Plasma 
neutralisation 
titre 
7312A 0.08 0.004 0.1 0.038 >10b 2.8 x 105 H 
ROD A R >10 >10 >10 >10 >10 32H 
CA316.9 0.18 0.01 0.19 >10 >10 7.3 x 105 
CA319.7 >10 0.015 0.26 0.05 0.02 5.1 x 105 
CA330.5 >10 0.01 0.165 0.18 0.175 5.7 x 104 
CA381.4 0.025 0.01 0.07 >10 0.4 4.4 x 105 
CA4401.1 4.59 0.01 0.17 0.415 2.5 2.0 x 105 
CA4153.9 >10 0.01 0.095 1.02 0.015 7.2 x 105 
CA7205.8 0.015 0.0075 0.18 0.02 0.015 2.5 x 105 H 
CA4145.13 0.17 0.006 0.2 0.18 0.02 3.8 x 105 
CA4291.2 0.54 0.006 0.155 0.115 0.025 1.6 x 104 
CA409.14 R >10 >10 >10 >10 >10 64 
CA4205.1 R >10 >10 >10 >10 >10 713 
CA4205.8 R >10 >10 >10 >10 >10 87 
CA4137.6 >10 0.015 0.09 0.66 0.18 8.6 x 10
4 
CA4137.2 >10 0.007 0.095 0.45 0.045 1.4 x 10
5 
CA4137.19 R >10 >10 >10 >10 >10 <20 
CA4137.21 >10 0.01 0.07 0.3 0.035 1.7 x 10
5 
CA4206.6 >10 0.03 0.65 0.44 0.1 5.6 x 10
4 
CA4206.7 >10 0.01 0.2 0.6 0.17 1.7 x 10
5 
CA4206.13 >10 0.04 1.01 0.95 0.21 9.8 x 10
4 
CA4206.5 R >10 >10 >10 >10 >10 111 
CA4206.14 R >10 >10 >10 >10 >10 314 
VSV V >10 >10 >10 >10 >10 - 
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titers when Envs are tested against plasma samples from older
time points (78), reflecting the inability of the NAb repertoire to
keep up with env evolution under NAb pressure. One previous
publication (describing a study using four subjects) has suggested
that, in contrast, escape from autologous NAbs is rarely seen in
HIV-2 infection (71). To extend this observationwith a larger data
set, available archived plasma samples from previous Caió cohort
bleeds were obtained for 10 subjects, and the ability of these
historical samples to neutralize one of the most recent
neutralization-sensitive envelopes available (from either 2003 or
2006) was tested. In almost all cases, the autologous NAb titers
against HIV-2 envelopes from the most recent time point in
FIG4 Comparison of neutralization of 239T-grown and PBMC-passaged virus with the same plasma sample. Shown are autologous neutralization of CA4153.9,
CA4145.8, CA381.4, CA4137.19, CA4013.5, and CA4182.4 and heterologous neutralization of 7312A and NL4.3. Plotted values are means (and SDs) from three
separate experiments. Virus infectivity (percent) is compared to a virus-only condition.
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plasma samples taken up to 15 years previously were as high as
those seen in contemporaneous samples (Fig. 7a). The one excep-
tion was an approximate 1-log10 reduction in NAb titer against
CA316.9 of a plasma sample collected in 1991, and in this case, a
similar reduction was also seen in heterologous neutralization of
7312A (data not shown).
Although the main objective of this study was not a longitudi-
nal assessment of contemporaneous NAb responses, three indi-
viduals had adequate plasma available from two time points to
isolate envelopes from both 2003 and 2006 (TD11, TD16, and
TD19; Table 1). Two subjects (TD16 and TD19) had both sensi-
tive and resistant envelopes isolated from2003 plasma (Fig. 7c and
d). For subjects TD11 and TD16 (Fig. 7b and c, respectively), no
escape from neutralization was observed between envelopes iso-
lated in 2003 and 2006. In fact, despite the presence of a relatively
resistant envelope isolated in 2003 for subject TD16, all four 2006
envelopes were surprisingly sensitive to autologous neutralization
(Fig. 7c). In contrast, subject TD19 had one sensitive and two
resistant Env variants isolated from 2003 plasma, but all 2006
envelopes were neutralization resistant, indicating possible escape
(Fig. 7d).
Selective pressure on HIV-2 envelope in the face of potent
autologous neutralizing antibody responses. The neutralizing
antibody response is well recognized to be the major driving force
in env evolution and positive selective pressure inHIV-1 infection
(29), with resulting continual escape from NAb. Previous studies
focusing on the C2V3C3 region of the HIV-2 envelope have sug-
gested that env evolution is slower in asymptomatic infection (45)
and highlighted that this region in HIV-2 is largely under purify-
ing or negative selective pressure, implying that possible func-
tional constraints may play a role (10, 11). In view of the excep-
tionally high-magnitude autologous NAb observed in the current
study, as well as the low neutralization escape seen, we examined
selective pressure evident across the entire HIV-2 gp140 in the set
of 70 functional envelopes that were isolated in this study. Using
the three different algorithms (38, 58), the number of sites under
significant positive selective pressure was remarkably low under
the SLAC algorithm (11 sites) and FEL algorithm (19 sites), al-
though it was higher under the FEL algorithm (44 sites), with the
number of negatively selected sites being 175, 232, and 346, re-
spectively (from a total of 641 codons). To compare how this
differs from diversification of and selective pressure on the HIV-1
envelope in the same community, we used available partial C2 to
gp41 ectodomain sequences from 75HIV-2-infected and 56HIV-
1-infected individuals from Caió. The partial C2 to gp41 ectodo-
main is a fragment corresponding to nucleotides (nt) 6584 to 7490
of HIV-1 HXB2 (K03455) and nt 6984 to 7859 of HIV-2 ROD
(M15390). Phylogenetic studies and the REGA HIV subtyping
algorithm (5) showed that all HIV-2 sequences belonged to group
A and all HIV-1 sequences were subtype CRF02_AG (data not
shown). Surprisingly, pairwise genetic distances were significantly
higher in the HIV-2 set than in the HIV-1 set, revealing a greater
diversity in HIV-2 at the nucleotide level in this community (Ta-
ble 4). This is likely to reflect the different ages of the two epidem-
ics in Guinea-Bissau, with HIV-1 having been introduced more
recently than HIV-2 (76). Despite this greater diversity in HIV-2,
amino acid entropy and the number of sites under positive selec-
tion were significantly higher in the HIV-1 envelope, whereas the
number of negatively selected sites was much higher in the HIV-2
envelope (Table 4 and Fig. 8). It appears, therefore, that at least at
a community level there are constraints present on the HIV-2
envelope that restrict amino acid changes compared to the HIV-1
envelope, despite substantial pressure from neutralizing antibody
responses.
DISCUSSION
Amajor obstacle to the development of an antibody-based HIV-1
vaccine over the last 25 years has been identifying what defines
protective humoral immunity in HIV infection: that is, lack of
clarity over the role, if any, of NAbs elicited during natural HIV
infection in limiting viral replication and the course of disease
progression. Previous studies have reached contrasting conclu-
sions. The constant antibody-driven viral evolution in HIV-1 env
(62) indicates that the NAb response must be sufficiently func-
tional to induce viral change. While some studies suggest a role in
viral control (24, 51), most studies (in both acute and chronic
HIV-1 infection) have failed to reveal a clear relationship between
potent NAbs and lower VLs or slower disease progression (9, 31,
46, 55). With a high proportion of HIV-2-infected individuals
with low or undetectable VLs, HIV-2 infection offers an impor-
tant example of viral control with which to explore the relative
importance of different host and viral factors implicated in limit-
ingHIV pathogenesis. Only a few studies have attempted to estab-
lish the relationship between NAb in HIV-2-infected individuals
and disease outcomes (14, 63, 71), in part due to the technical
limitations in culturing primary virus or generating plasma RNA-
derived env clones from individuals with low VLs with which to
measure autologousNAbs. To our knowledge, the current study is
the first to use cloned env plasma variants in a luciferase reporter
gene assay to describe both autologous and heterologous NAb
responses in HIV-2 infection, and with the inclusion of subjects
ranging fromLTNPswith undetectable plasmaVLs toHIV-2 pro-
gressors with high VLs, it is also arguably themost comprehensive
to date.
Heterologous NAb titers of strikingly high magnitude (IC50s,
1:7,000 to 1,000,000) and several log10 units higher than what is
usually observed in HIV-1 infection using the same NAb assay
(55) were found against primaryHIV-2 envelopes in all 40 subject
plasma samples tested. Yet despite the presence of potent heterol-
ogous NAbs, a significant positive association between these titers
and plasma VL was found. This is consistent with findings from
the one previous study on HIV-2 using a pseudotype reporter
FIG 5 Association between greater intrapatient diversity and the presence of
neutralization-resistant HIV-2 envelopes. Plotted values are mean pairwise
genetic distances (substitutions/site) between env variants from each patient.
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CA4137.6     ASIPLFCATK NRDTWGTIQC LPDNDDHQEI TLNVTEAFDA WDNTVTEQAI EDVWRLFETS VKPCVKLTPL CVAMTCNATK QGDSTKTSNT TTATQNNTVI  
CA4137.21    ASIPLFCATK NRDTWGTIQC LPDNDDHQEI TLNVTEAFDA WDNTVTEQAI EDVWRLFETS IKPCVKLTPL CVAMTCNATK QGDSTKTSNT TTATQNNTVI  
CA4137.2     ASIPLFCATK NRDTWGTIQC LPDNDDHQEI TLNVTEAFDA WDNTVTEQAI EDVWRLFETS IKPCVKLTPL CVAMTCNATK QGDSTKTSNT TTATQNNTVT  
CA4137.19 R  ASIPLFCATK NRDTWGTIQC LPDNDDHQEI TLNVTEAFDA WNNTVTEQAI EDVWRLFETS IKPCVKLTPL CVAMTCNKTK QEDSTKIAN- ----------  
CA4137.22 R  ASIPLFCATK NRDTWGTIQC LPDNDDHQEI TLNVTEAFDA WNNTVTEQAI EDVWRLFETS IKPCVKLTPL CVAMTCNKTK QEDSTKIAN- ----------   
 
 
                                                   
CA4137.6     TSKPTTIINE STPCIRANNC TGLGREDIVT CQFNMTGLQR DKPKQYNETW YSRDVVCEPI NITNSNQSRC YMNHCNTSVI TESCDKHYWD TMRFRYCAPP  
CA4137.21    TSKPTTIINE STPCIRANNC TGLGREDIVT CQFNMTGLQR DKPKQYNETW YSRDVVCEPI NITNSNQSRC YMNHCNTSVI TESCDKHYWD TMRFRYCAPP  
CA4137.2     TSKPTTIINE STPCIRANNC TGLGEEDVVT CQFNMTGLQR DKPKQYNETW YSRDVVCEPI NNTSRNQSRC YMNHCNTSVI TESCDKHYWD TMRFRYCAPP  
CA4137.19 R  ---KTEIINE NSTCIRANNC TGVGEEDIVA CRFNMTGLQR DKPKQYNETW YSKDVVCEPS NNTDSNQSRC YMNHCNTSVI TESCDKHYWD TMRFRYCAPP  
CA4137.22 R  ---KTEIINE NSTCIRANNC TGVGEEDIVA CRFNMTGLQR DKPKQYNETW YSKDVVCEPS NNTDSNQSRC YMNHCNTSVI TESCDKHYWD TMRFRYCAPP   
                                                  
  
 
 
CA4137.6     GYALLRCNDT DYSGFAPNCS KVVAATCTRM METQTSTWFG FNGTRAENRT YIYWHGRDNR TIISLNKHYN LSIHCKRPGN KTVVPITLMS GLVFHSQPIN  
CA4137.21    GYALLRCNDT DYSGFAPNCS KVVAATCTRM METQASTWFG FNGTRAENRT YIYWHGRDNR TIISLNKHYN LSIHCKRPGN KTVVPITLMS GLVFHSQPIN  
CA4137.2     GYALLKCNDT DYSGFAPNCS KVVAATCTRM METQTSTWFG FNGTRAENRT YIYWHGRDNR TIISLNKHYN LSIHCKRPGN KTVVPITLMS GLVFHSQPIN  
CA4137.19 R  GYALLRCNDT NYSRFAPNCS KVVAATCTRM METQTSTWFG FNGTRAENRT YIYWHGRDNR TIISLNKYYN LSIHCKRPGN KTVVPITLMS GLVFHSQPIN  
CA4137.22 R  GYALLRCNDT NYSGFAPNCS KVVAATCTRM METQTSTWFG FNGTRAENRT YIYWHGRDNR TIISLNKYYN LSIHCKRPGN KTVVPITLMS GLVFHSQPIN  
                                                   
 
 
 
CA4137.6     TRPRQAWCWF KGEWRGAMEE VKQTLVKHPR YAGTNDTSKI NFTAPGKDSD PEVAYMWTNC RGEFLYCNMT WFLNWVRNES NPHNYAPCHI RQIINTWHKV  
CA4137.21    TRPRQAWCWF KGEWRGAMEE VKQTLVKHPR YAGTNDTSKI NFTAPGKDSD PEVAYMWTNC RGEFLYCNMT WFLNWVRNES NPHNYAPCHI RQIINTWHKV  
CA4137.2     TRPRQAWCWF KGEWRGAMEE VKQTLTKHPR YAGTNDTSKI NFTAPGKDSD PEVAYMWTNC RGEFLYCNMT WFLNWVRNES NPHNYAPCHI RQIINTWHKV  
CA4137.19 R  TRPRQAWCWF KGEWRGAMEE VKQTLAKHPR YEGTNDTSKI NFTAPGKGSD PEVAYMWTNC RGEFLYCNMT WFLNWVGNES SQRNYAPCHI RQIINTWHKV  
CA4137.22 R  TRPRQAWCWF KGEWRGAMEE VKQTLAKHPR YEGTNDTSKI NFTAPGKGSD PEVAYMWTNC RGEFLYCNMT WFLNWVGNES SQRNYAPCHI RQIINTWHKV                                                    
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CA4269.2     ASIPLFCATK NRDTWGTIQC LPDNDDYQEI TLNVTEAFDA WGNTVTEQAV EDVANLFETS TKPCVKLTPL CVQMKCKNQT GDTATTVATN TAGATTVAT-  
CA4269.5 R   ASIPLFCATK NRDTWGTIQC LPDNDDYQEI ALNVTEAFDA WDNTVTEQAV EDVANLFETS TKPCVKLTPL CVTMKCENKT GDTVTTENQT GNTTTTVAS-  
CA4269.6 R   ASIPLFCATK NRDTWGTIQC LPDNDDYQEI ALNVTEAFDA WDNTVTEQAV EDVANLFETS TKPCVKLTPL CVTMKCENKT GDTATTKNQT RITTTTIPTS                                                   
 
 
 
CA4269.2     ---DTMINES SSCIHNDSCT GLGKEDIVSC QFEMTGLARD KKKWYNETWY SSDVVCEKAN DTTNSTTNGT LNCYMNHCNT SVIKESCEIH YWDDMRFRYC  
CA4269.5 R   ----KVINES SSCIHNDNCT GLGREDLIDC QFEMTGLAID KKKQYNETWY SKDVVCEKAN DTTKGTTNGT LNCYMNHCNT SVIKESCEKH YWDDMKFRYC  
CA4269.6 R   TSGPSMINES SSCIHNDNCT GLGREDLIDC QFEMTGLAID KKKRYNETWY SKDVVCEKAN GTTNGTTNST LNCYMNHCNT SVIKESCEKH YWDDMKFRYC 
                                                    
  
 
CA4269.2     APPGYALLRC NDTNYSGFTP NCSKVVAATC TRMMETQTST WFGFNGTRAE NRTYIYWHGR DNRTIISLNK YYNLSLHCKR PGNKTVVPVT LMSGLVFHSQ  
CA4269.5 R   APPGYALLRC NDTNYSGFAP NCSKVVAATC TRMMETQTST WFGFNGTRAE NRTYIYWHGR DNRTIISLNK YYNLSLHCKR PGNKTVVPVT LMSGLVFHSQ  
CA4269.6 R   APPGYALLRC NDTNYSGFAP NCSKVVAATC TRMMETQTST WFGFNGTRAQ NRTYIYWHGR DNRTIISLNK YYNLSLHCKR PGNKTVVPVT LMSGLVFHSQ                                                    
 
 
 
 
CA4269.2     PINNRPRQAW CWFKGDWTGA MQEVKQTLAE HPRYKGIRNT TNIAFAAPGR DSDPEVAYMW TNCRGEFLYC NMTWFLNWIE NRTGQTQRNY VPCHIKQIIN  
CA4269.5 R   PINNRPRQAW CWFKGNWTGA MQEVKQTLAE HPRYKGVRNT TNIAFAAPGR DSDPEVAYMW TNCRGEFHYC NMTWFLNWVE GRTNQTWHNY VPCHIKQIIN  
CA4269.6 R   PINKRPRQAW CWFKGNWTGA MQEVKQTLAE HPRYKGIRNT TNIAFAAPGR DSDPEVAYMW TNCRGEFLYC NMTWFLNWIE GRTNQTWHNY VPCHIKQIIN  
 
 
 
CA4269.2     TWHKVGKHIY LPPREGLLTC NSTVTSIIAN IDVQQNKTNI TFSAEVSELY RLELGDYKLV EITPIGFAPT KEKRYSSAHQ RHTRGVFVLG FLGFLATAGS  
CA4269.5 R   TWHRVGRHVY LPPREGLLTC NSTVTSIIAN IDVHHNKTNI TFSAEVSELY RLELGDYKLV EITPIGFAPT KEKRYSSAHQ RHTRGVFVLG FLGFLATAGS  
CA4269.6 R   TWHRVGRHVY LPPREGLLTC NSTVTSIIAN IDVHQNRTNI TFSAEVSELY RLELGDYKLV EITPIGFAPT KEKRYSSAHQ RHTRGVFVLG FLGFLATAGS   !!
C1 V1/V2 
V1/V2 (continued) C2 
C2 (continued) V3  
V3  C3  V4 C4  
C4 (continued) V5 C5 gp41 
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Coreceptor use 
Infectivity on NP2 cells (103 FFU/ml)* Subject Envelope ^ 
CD4/CCR5 CD4/CXCR4 CD4 alone CCR5 alone CXCR4 alone 
Classification\ Neutralisation phenotype\\ 
TD02 CA4258.11 81.5 - nt 0.1 nt R5 S 
TD05 CA370.16 20.4 - nt - nt R5 S 
TD06 CA4401.1 53 - nt - nt R5 S 
TD08 CA381.4$ 255 0.1 1.2 - nt R5 S 
TD09 CA4145.8 627 - nt 0.8 nt R5 S 
TD11 CA4272.16 330 0.2 1.5 - nt R5 S 
 CA65331.3 110 50.0 0.8 - nt R5/X4 S 
TD12 CA65332.1 42.5 - nt 0.1 nt R5 S 
TD13 CA4153.9 2,500 2.0 1.3 0.9 nt R5 S 
TD15 CA4137.2 1,328 - nt - nt R5 S 
 CA4137.19 7,125 1.4 1.7 1.2 nt R5 R 
TD16 CA4182.4 273 - nt - nt R5 R 
 CA4182.12 4,687 1.0 0.9 1.1 nt R5 S 
 CA65410.3 225 0.2 0.8 - nt R5 S 
 CA65410.5 134.5 0.1 1.5 0.5 nt R5 S 
 CA65410.7 300 0.4 2.5 0.9 nt R5 S 
 CA65410.13 59.5 - nt - nt R5 S 
TD17 CA4205.1 850 2.5 2.1 1.1 nt R5 R 
 CA4205.8 1,100 5.5 3.0 1.4 nt R5 R 
TD19 CA4269.2 1,781 7.5 6.3 0.2 nt R5 S 
("'
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CA4269.6 2,625 - nt 1.1 nt R5 R  
CA65339.3 32 - nt - nt R5 R 
TD20 CA4206.7 25 - nt nt nt R5 S 
CA4013.5 3,187 2.4 1.9 0.9 nt R5 R TD21 
CA4013.8 22.5 - nt nt nt R5 S 
NA NL4.3 - 212.5 nt nt nt X4 NA 
 
        
 Infectivity on NP2 cells (TCID50/ml)**   
 Envelope^^ CD4/CCR5 CD4/CXCR4 CD4 alone CCR5 alone CXCR4 alone   
NA ROD A 69,877 31,250 250 112 112 R5/X4 R 
NA ROD B 1,250 31,250 50 <50 13,975 X4/CD4-indep S 
TD01 CA330.5 69,877 559 559 250 112 R5 S 
TD08 CA381.4$ 69,877 250 112 250 112 R5 S 
TD14 CA316.9 349,386 1250 559 559 559 R5 S 
TD17 CA319.7 349,386 2795 559 559 559 R5 S 
TD18 CA409.14 156,250 1250 1,250 1,250 1,250 R5 R 
NA§ CA7205.8 349,386 2795 112 1,869 250 R5 S 
 nt   Not tested. 
 ^  HIV-2 gp140 from subjects cloned into full-length HIV-2 7312A-SNAG vector. NL4.3 refers to virus derived from the full-length HIV-1 NL4.3 molecular clone. 
^^  HIV-2 gp160 cloned in to expression vector pcDNA3.1V5-His-TOPO. Pseudovirus produced by co-transfection with NL4.3LucR-E-. 
  *  FFU – focus forming units measured by immunostaining of NP2 cells +/- CD4 +/- coreceptors following infection with live virus. 
**  TCID50 – Tissue culture infectious dose 50 calculated according to luciferase readout in NP2 cells following infection with pseudovirus produced by co-transfection of HIV-2  
gp160 envelope plasmid + NL4.3LucR-E-.  
\  Viruses were classified as dual-tropic if the titre on alternative coreceptor was within 1.5log10 of the titer obtained from the dominant coreceptor cell line "#$%&'   
\\  S – sensitive R – resistant 
$  Coreceptor tropism tested in both formats. 
§  Subject ID not assigned as envelope not used for autologous neutralisation studies. 
(#'
'
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suggests that although autologousNAb titers are unusually high in
most HIV-2-infected subjects, a relationship between greater an-
tigenic load and higher-magnitude autologous NAb may exist in
HIV-2 infection, similar to our findings in heterologous NAbs, as
well as previously reported findings in HIV-1 infection (46).
An interesting finding was the presence of HIV-2 envelopes
that displayed a more resistant neutralization profile, notably,
FIG 7 Assessment of neutralization escape in HIV-2. (a) Neutralization of HIV-2 envelopes by autologous plasma from older time points in 10 subjects. The
legend depicts the year of plasma sampling. HIV-2 envelopes were isolated from the most recent time point of plasma collection depicted for each clone (either
2003 or 2006). (b to d) Neutralization of envelopes from either 2003 or 2006 by contemporaneous plasma for subjects TD11 (b), TD16 (c), and TD19 (d), from
whomvariants were isolated at both time points. All values representmeans (and SDs) of three independent experiments. Virus infectivity (percent) is compared
to a virus-only condition.
TABLE 4 Comparison of HIV-1 and HIV-2 envelope (partial C2 to gp41 ectodomain) diversity, amino acid entropy, and sites under positive and
negative selective pressure
Parameter HIV-2 HIV-1 P value
Mean pairwise genetic distance (no. of substitutions/site) 0.183 (0.181–0.185)a 0.148 (0.146–0.151) #0.0001
Mean Shannon’s entropy 0.255 (0.207–0.303) 0.347 (0.292–0.402) 0.01
Selection analysis (from a total of 277 codons)b
SLAC
No. of positively selected sites 5 19 #0.0001
No. of negatively selected sites 122 53
FEL
No. of positively selected sites 11 22 #0.0001
No. of negatively selected sites 140 79
REL
No. of positively selected sites 21 51 #0.0001
No. of negatively selected sites 195 143
a Data in parentheses are 95% confidence intervals.
b Codons with a P value of#0.05 (SLAC and FEL) or a Bayes factor of$50 (REL) considered significant.
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 HIV-2  HIV-1  p-value 
Mean pairwise genetic 
distance - substitutions/site  0.183 (0.181 - 0.185) 0.148 (0.146 - 0.151)a p < 0.0001 
Mean Shannon’s entropy  0.255 (0.207 - 0.303) 0.347 (0.292 - 0.402) p = 0.01 
    
Selection analysis (from a 
total 277 codons)b:    
SLAC    
Positively selected sites 5 19 
Negatively selected sites  122 53 p < 0.0001 
    
FEL    
Positively selected sites  11 22 
Negatively selected sites 140 79 p < 0.0001 
    
REL    
Positively selected sites 21 51 
Negatively selected sites 195 143 p < 0.0001 
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with contemporaneous autologous titers (IC50s! 1:1,000) closer
to what is observed in HIV-1 infection. Of note, most of the iso-
lated HIV-2 envelopes were either hypersusceptible or very resis-
tant to neutralization, akin to HIV-1 tier 1A and tier 3 envelopes,
respectively, whereas the majority of primary HIV-1 envelopes
described tend to belong to the intermediate-susceptible tier 2
category (70). Although this finding requires confirmation with a
greater number of individuals, the appearance of more resistant
envelopes with higher viremia might suggest a scenario where
HIV-2 replication to a level where neutralization escape is possible
occurs more frequently with progressive HIV-2 infection. The as-
sociation of greater intrapatient viral diversitywith the presence of
these envelopes would support this hypothesis, given that the
capacity that HIV-1 has for diversification underlies its ability
to escape readily from host immunity. The persistence of
neutralization-sensitive envelopes despite the presence of NAb
pressure up to 15 years previously also provides indirect support
for the idea that neutralization escape occurs less often in HIV-2
infection (71). Certainly, a previous report has highlighted that in
asymptomatic HIV-2 infection, long-term env evolution is re-
markably low (45), although the authors suggest that lack of NAb
pressure may account for this observation. Our current findings
make an alternative explanation necessary. In some cases, these
envelopes were found together with neutralization-sensitive vari-
ants in the same individual, an observation mirrored in some
HIV-1 studies (2, 46, 72, 80). As evidence from acute HIV-1 in-
fection shows that constant neutralization escape usually results in
successive replacement of neutralization-sensitive variants with
waves of variants resistant to the autologous antibody response
(53, 7 ), this is a curious finding. One explanation might be that
most neutralization-sensitive variants are derived from a long-
lived latent viral reservoir, thought to be a prominent feature of
HIV-2 infection and inferred due to a lack of phylogenetic sepa-
ration between HIV-2 sequences over time (45). Nevertheless, in
the face of greater HIV-2 replication, one would still expect the
selective pressure exerted by such high NAb titers to result in
elimination of neutralization-sensitive variants. In contrast, we
observed in one subject (TD16) that a neutralization-resistant Env
present (amid several sensitive variants) in 2003 failed to become
the predominant population 3 years later. It is possible, therefore,
that some sensitive HIV-2 Envs offer a selective advantage for
alternative reasons. Extending previous studies focusing on the
FIG 8 Comparison of the ratio of nonsynonymous (dN) to synonymous (dS) changes in HIV-2 (n" 75) and HIV-1 (n" 56) partial C2 to gp41 ectodomain
fragments. Plotted values are those obtained under the SLAC algorithm with values normalized to alignment length. Positions found to be under significant
positive selection (red) and negative selection (blue) under all three algorithms (SLAC, FEL and REL) are highlighted.
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Peptide-MHC class I tetramers specific for four of the most immunodominant HIV-2 
Gag epitopes described in this cohort [172] were used to determine the phenotype of 
HIV-2-specific CD8+ T-cells associated with control of HIV-2 viraemia. Thirty one of 
56 individuals with available HLA typing (and sufficient PBMCs remaining) had B53, 
B58, B35 or B14 alleles (common HLA alleles in West Africa) and were included in the 
study (Appendix 2, a total of 35 tetramer staining experiments). Although phenotypes of 
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HIV-1, CMV and EBV-specific CD8+ T-cells are described in detail in the literature, 
12 HIV-1-tetramers from four HIV-1 infected individuals (Table 6.2), eight CMV-
specific tetramers (from five HIV-2 and three HIV-1 infected subjects) and 10 EBV-
specific tetramers (from eight HIV-2 and two HIV-1 infected subjects) were also 
included to provide direct comparisons with HIV-2-specific CD8+ T-cells using the 
same flow cytometry panels.   
 
A significantly greater proportion of HIV-2 ECs compared to viraemic subjects had 
tetramer-positive populations (84% vs. 42% respectively, p = 0.02, Figure 6.5b). 
Twenty five tetramer populations from 21 HIV-2 infected individuals (16 ECs, five 
viraemic) were therefore available for further characterization. A strong correlation (r = 
0.71) was observed between the magnitude of the CD8+ IFN-! response to the total 
HIV-2 Gag pool (by ICS) and the % of tetramer positive CD8+ T-cells in each subject 
(Figure 6.5c). This suggests that the bulk of the Gag-specific response in these subjects 
is accounted for by CD8+ T-cells targeting one or more of these four epitopes. A much 
stronger correlation was observed in ECs (r = 0.8, p < 0.0001) than viraemic subjects (r 
= 0.62, p < 0.037), which may represent a greater probability of Gag-specific CD8+ T-
cells in viraemic subjects being functionally inert with reduced IFN-! production, as has 
been described in a small proportion of HIV-1 progressors OSXT>!SXHQ.  
 
To explore further the possibility that the Gag-specific CD8+ T-cell response associated 
with HIV-2 viral control is extremely narrow and focused, previously reported IFN-! 
ELISpot data from the same cohort generated using a 3D-peptide matrix [172] was 
reanalysed. The total Gag pool-specific magnitude was significantly greater in 
individuals who responded to !1 of the above four HIV-2 Gag epitopes (40/64, 62.5%) 
than to those who did not (Figure 65d): median (IQR) 1103 (524 – 2081) SFU/ml vs. 
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195 (0 – 481) SFU/ml, thus confirming the remarkable immunodominance of these 
epitopes. Furthermore, of the 40 individuals who displayed responses to these B53, B58, 
B35 or B14 epitopes, 32 (80%) responded to only one of the four peptides. This 
represents an incredibly restricted breadth in the HIV-2-specific Gag response shown to 
be associated with viraemic control.  
!
!
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Previous studies have shown significant heterogeneity in the phenotype of CD8+ T-
cells specific for different viruses associated with chronic infection [342, 343]. HIV-2-
specific CD8+ T-cells were significantly more likely to express CD27 than both HIV-1 
and CMV-specific CD8+ T-cells, but not EBV-specific CD8+ T-cells (Figure 6.6a and 
6.6c), representing T-cells at an earlier stage of differentiation. CD27 and CD45RO co-
expression revealed a similar pattern. While CMV-specific T-cells were more likely to 
display a ‘terminal effector’ phenotype of CD27-/CD45RO-, HIV-1-specific T-cells 
were more frequently CD27-/CD45RO+ and HIV-2-specific T-cells CD27+/CD45RO+ 
(Figure 6.6b and 6.6c). No significant difference was seen in antigen-specific CD8+ T-
cell senescence based on expression of CD57 (data not shown).  
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Recent data have defined a relationship between co-expression of multiple inhibitory 
receptors (PD-1, 2B4, CD160) on HIV-1-specific CD8+ T-cells and higher viraemia, 
suggesting these represent a ‘hyper-exhausted’ cellular phenotype [344]. However, 
HIV-2-specific CD8+ T-cells (largely from individuals with undetectable plasma viral 
loads and polyfunctional Gag responses) have higher levels of PD-1, 2B4 and CD160 
expression than bulk CD8+ populations (Figure 6.7a) and surprisingly similar levels of 
co-expression of these markers (Figure 6.7b) when compared to HIV-1-specific CD8+ 
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T-cells. Furthermore, a significant direct correlation was observed between co-
expression of PD-1, 2B4, CD160 and the magnitude of the IFN-! response to Gag 
stimulation (r = 0.48, p = 0.027, Figure 6.8). No correlation was observed between 
polyfunctional responses to the Gag pool and co-expression of these markers on HIV-2-
specific CD8+ T-cells (data not shown).  
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CMV specific CD8+ T-cells displayed significantly lower co-expression of inhibitory 
receptors than all other virus-specific CD8+ T-cells (Figure 6.7b and 6.7c). It is possible 
that this observation may be related to the later differentiation phenotype of CMV 
specific T-cells. Accordingly, a strong correlation was observed between both PD-1 
expression, as well as PD1, 2B4, CD160 co-expression, with CD27+CD45RO+CD8+ 
T-cells (Figure 6.9a and b) (r = 0.69, p = 0.0002 and r = 0.75, p < 0.0001 respectively). 
Thus expression of PD-1, 2B4 and CD160 is directly associated with the proportion of 
earlier differentiated CD8+ T-cells present.  
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Control of HIV-1 viraemia has recently been shown to be associated with the capacity 
of HIV-1-specific CD8+ T-cells to express perforin on antigen stimulation, as well as 
the enrichment of other cytolytic markers such as Granzyme-B and T-bet [165, 345]. To 
explore whether similar qualities are required for HIV-2 control, the degree of perforin 
expression in response to Gag stimulation (defined as co-expression of perforin with 
one or more of IFN-!, TNF-", IL-2 and CD107a following stimulation [165]) was 
assessed. Although cells co-expressing perforin with other factors were readily 
identifiable following both SEB and Gag stimulation, there was no significant 
difference in this ability between HIV-2 ECs and viraemic subjects (Figure 6.10a and b). 
The degree of ex vivo expression of perforin, granzyme B and T-bet in virus-specific 
CD8+ T-cells using peptide-MHC class I tetramers was also assessed. When compared 
to bulk CD8+ T-cells, HIV-2-specific T-cells showed modest increases in granzyme B, 
0 10 20 30 40 50
0
2
4
6
8
10
p < 0.0001 r = 0.7502
% CD27+ CD45RO+ CD8 T-cells
%
 P
D
-1
+C
D
16
0+
2B
4+
 C
D
8+
 T
-c
el
ls
0 10 20 30 40 50
0
10
20
30
40
p = 0.0002, r = 0.6888
% CD27+ CD45RO+ CD8 T-cells
%
 P
D
-1
 +
 C
D
8+
 T
-c
el
ls
 201!
similar expression of T-bet and lower levels of perforin (Figure 6.10c). In keeping with 
their late differentiated phenotype, CMV specific CD8+ T-cells displayed significantly 
higher granzyme B and T-bet expression than HIV-2 and EBV specific T-cells, with 
perforin expression greater in HIV-1 when compared to HIV-2-specific T-cells (Figure 
6.10d). 
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Most virus-specific CD8+ T-cells display high levels of the activation markers CD38 
and HLA-DR, as well as the cell cycle marker Ki67 during acute infection, which 
normalize rapidly in early chronic infection [342]. Generalized cellular immune 
activation has been shown to correlate with both viral load and disease progression in 
HIV-1 and HIV-2 [107, 109, 346], but the level of activation and proliferation of HIV-
2-specific CD8+ T-cells is less well characterised.  CD38+Ki67+ co-expression was 
significantly higher in HIV-1-specific CD8+ T-cells compared to both bulk CD8+ T-
cells in the same individuals, as well as HIV-2-specific CD8+ T-cells (Figure 6.11a and 
b). In fact, when compared to bulk CD8+ populations, CD38, HLA-DR and Ki67 were 
all significantly elevated in HIV-1-specific but not HIV-2, CMV or EBV-specific CD8+ 
T-cells (data not shown). Interestingly, a significant inverse correlation was observed 
between CD38 expression on HIV-2-specific T-cells and the % CD8+ IFN-! response 
following Gag pool stimulation (Figure 6.11c). A similar relationship was not observed 
between CD38 expression on bulk CD8+ T-cells and the IFN-! response (Figure 6.12), 
suggesting activation of HIV-2-specific CD8+ T-cells per se may have a detrimental 
effect on function. Previous work has proposed an increased susceptibility to apoptosis 
in CD8+ T-cells expressing high levels of CD38 may result in a failure to control HIV-1 
replication [347]. In keeping with this hypothesis, a strong inverse correlation was seen 
between CD38 expression and presence of Bcl-2, an anti-apoptotic marker, on HIV-2-
specific CD8+ T-cells (Figure 6.11d).  
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A key factor in designing an effective T-cell vaccine for HIV-1 infection is the clear 
identification of immune correlates associated with viraemic control. The strong class I 
HLA associations VL88W and the association of a broad gag-specific T-cell response 
with lower viral loads VX2YW implicate CD8+ T-cells as a key element of HIV-1 control. 
Furthermore, the successful control of pathogenic SIVmac239 infection in rhesus 
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macaques via induction of effector memory T-cell responses [152] provide cause for 
optimism. Nevertheless, the failure of the Merck Ad5-HIV vaccine [350] demonstrates 
that the goal of an effective anti-HIV-1 T-cell vaccine in humans remains elusive. HIV-
2 infection provides an alternative model of natural HIV control, yielding important 
insights into HIV pathogenesis and viral control in humans. The current study provides 
detailed information about the qualities of CD8+ T-cells associated with natural HIV-2 
control. Polyfunctionality, but not high cytotoxic potential, is associated with viraemic 
control and accordingly, HIV-2-specific CD8+ T-cells display an earlier differentiated 
phenotype with low levels of activation and proliferation ex vivo. Additionally, these 
data show that a very focused and narrow but highly functional Gag-specific response is 
associated with excellent control of HIV-2 viraemia.  
 
Using IFN-! ELISpots, previous studies in the same cohort have highlighted the 
immunodominance of Gag in HIV-2-specific T-cell responses associated with 
undetectable HIV-2 VL [172]. The current studies demonstrates that this correlation is 
largely due to the CD8+ response, although the contribution of CD4+ help by secretion 
of cytokines such as IL-21 was not assessed and may play a role [351]. The more 
polyfunctional CD4+ responses seen in ECs when compared to viraemic individuals 
suggest that the quality of the CD4+ response may well be important. The role of broad, 
immunodominant Gag-specific CD8+ responses in HIV-1 control has also been shown, 
but requires large studies to demonstrate a significant association [349, 352]. The 
hierarchical dominance of Gag-specific responses in HIV-2 is, however, more profound 
[172], whereas Nef-specific responses can dominate in HIV-1 infection and have also 
been associated with viral control [353, 354]. Maintaining a substantial breadth of T-
cell responses is considered important in HIV-1 control and is associated with greater 
polyfunctionality and virus inhibition [355]. The requirement for broad host responses, 
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as a result of HIV-1 diversity and adaptation, poses a significant challenge for HIV-1 
vaccine design.  The current data suggest a stark contrast in HIV-2 infection, where 
CD8+ T-cells responding to a single HIV-2 epitope are responsible for almost the entire 
Gag-specific response in a particular subject. Furthermore, the absence of tetramer 
populations in most viraemic HIV-2 subjects marks another difference with HIV-1 
infection, where the persistence of high levels of tetramer-staining CD8+ T-cells is 
frequently observed despite high viraemia and progression to AIDS [356]. Long-term 
control of HIV-2 viraemia, therefore, appears to be critically dependent on the presence 
of a very focused, high avidity!VLM2W CD8+ response to conserved p26 epitopes, which 
is mostly functional when present. Interestingly, the HLA-B27 restricted KK10 
response is an example of a single immunodominant high avidity p24 response 
responsible for controlling HIV-1 viraemia in vivo [175]. Along with the data presented 
in this chapter, this supports the hypothesis that in the presence of a single highly 
functional immune response, increasing the breadth of anti-viral specificities may not be 
necessary [357].  
 
It is clear that different chronic viral infections are characterised by virus specific CD8+ 
T-cells displaying a particular cellular phenotype [342], and, accordingly, their effector 
functions may also vary. Several studies demonstrate that rare individuals who control 
HIV-1 replication in the absence of ART possess HIV-1-specific CD8+ T-cells that are 
more differentiated than viraemic subjects, with downregulation of markers such as 
CD27 and CD45RO [159, 345, 358], whereas other studies have shown that the 
phenotype of tetramer-staining cells does not differ significantly between controllers 
and progressors VXZYW. The more differentiated CD8+ T-cell subsets described in some 
HIV-1 ECs also have the ability to rapidly upregulate cytotoxic granule contents such as 
perforin and granzyme B on stimulation, and express higher levels of the transcription 
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factor T-bet [164, 165, 345], suggesting that HIV-1 control may require potent cytotoxic 
potential. Surprisingly, HIV-2-specific CD8+ T-cells (largely from individuals with low 
or undetectable VL) are characterised by low levels of pre-loaded cytotoxic molecules, 
and that rapid upregulation of perforin after Gag stimulation does not distinguish HIV-2 
ECs from viraemic subjects. In keeping with this observation, HIV-2-specific CD8+ T-
cells are of an earlier differentiated phenotype, with greater expression of CD27 and 
CD45RO. Polyfunctionality is, however, important in HIV-2 control and is a feature 
shared with HIV-1-specific CD8+ T-cells from HIV-1 controllers [161, 175]. 
 
The reasons for the earlier differentiation status of HIV-2-specific CD8+ T-cells are 
intriguing. Studies exploring the relationship between antigen burden and cellular 
differentiation offer a potential explanation [173, 360]. Using both ex vivo antigen-
specific CD8+ T-cell analysis and a model of in vitro T-cell priming, a previous study 
suggests that higher viral burden drives T-cell differentiation in HIV infection through 
greater immune activation [173]. Consistent with these data, HIV-1 subtype C infected 
individuals with higher VL set points following acute infection have greater frequencies 
of differentiated effector memory HIV-1-specific CD8+ T-cells (that are CD27-), along 
with higher activation (CD38+) levels VXKJW. Although studies of HIV-2 acute infection 
are lacking, it is likely that the VL set point of HIV-2 ECs is low or undetectable at an 
early stage which may explain the persistent CD27 expression observed in chronic 
infection. The low activation levels observed in HIV-2-specific CD8+ T-cells in the 
current study are also in keeping with this hypothesis.   
 
Alternatively, the distinct differentiation phenotypes observed in different chronic viral 
infections may be related to the distinct qualities required by CD8+ T-cells to control 
different viral infections. This could explain the finding that HIV-2-specific CD8+ T-
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cells from ECs are defined by polyfunctionality but not cytotoxicity, whereas increasing 
evidence suggests direct contact with infected CD4+ T-cells and potent cytotoxicity is 
required to control HIV-1 replication [159, 164, 165, 345]. It!&$!'(#;#0/;#!%/$$&=D#!'(*'!'(#! &,(&=&'/;>!)#:(*,&$)$! ;#Q-&;#.! '/! :/,'*&,! 4567L! *,.! 45678! *,$ <*<&! *;#! ,/'!&.#,'&:*DF! 5,'#;#$'&,+D>E! cell supernatants from HIV-2-specific CD8+ T-cell clone 
cultures are able partially to suppress HIV-2 replication in CD4+ T-cell lines without 
cell-to-cell contact (Aleksandra Leligdowicz, unpublished data). High co-expression of 
PD-1, CD160 and 2B4 is also evident on HIV-2-specific CD8+ T-cells. Although robust 
data exist to suggest an inhibitory role for these markers in HIV-1 disease VX22W, the 
current findings support previous work suggesting PD-1 upregulation may also reflect 
changes in cellular differentiation VXKLWF! In addition, it is possible that expression of 
these markers has less effect on cytokine-mediated control of HIV-2, but are more 
relevant in inhibiting cellular mechanisms required for efficient HIV-1 viral suppression.     !N(#! :-;;#,'! $'-.>! &$! ;#D*'&C#D>! D&)&'#.! =>! =#&,+! =*$#.! &,! *! $&,+D#! :/(/;'! 0;/)!9-&,#*7[&$$*-E! *D'(/-+(! '(#! D#,+'(! /0! 0/DD/H! -%! &,! *! +#,#'&:*DD>! (/)/+#,#/-$!%/%-D*'&/,! 0;/)! '(#!$*)#!:/))-,&'>! &,0#:'#.!H&'(! '(#! $*)#!45678!+;/-%! <\A! &$!*D$/!*!)*]/;! $';#,+'(! '(*'! &$!.&00&:-D'! '/! ;#%;/.-:#! &,!4567L!:/,';/DD#;! :/(/;'$F! 5t 
will be important to corroborate these findings in other HIV-2 cohorts, especially to see 
if a focused high avidity Gag-specific response associated with HIV-2 control is 
common to subjects with different HLA allele distributions. How an HIV-2-specific 
CD8+ response with a very narrow specificity is able to control HIV-2 viraemia for 
decades warrants further exploration. Such responses with high functionality but low 
breadth remain beneficial only if viral escape within the restricted epitope does not 
occur. This would result in uncontrolled viral replication in the absence of CD8+ T-cell 
responses to other regions, which has been observed in the case of the HLA B27-
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restricted response to KK10 in HIV-1 VLZKW. Despite the fitness costs associated with 
mutation, escape from Gag-specific CD8+ T-cell responses are frequently seen in HIV-
1 infection (reviewed in VX8ME!X2^WA. Selection analyses comparing HIV-1 and HIV-2 
env [268] and gag reveal that HIV-2 is under greater negative selective pressure than 
HIV-1, suggesting far greater functional and structural constraints are imposed on HIV-
2 compared with HIV-1. Escape from CD8+ T-cell responses in HIV-2 has not been 
described and autologous viral sequences from individuals with potent Gag-specific 
IFN-! ELISpot responses show a high degree of conservation in respective epitopes, 
despite the presence of strong immune selective pressure VLM2WF!  It is possible that due 
to greater constraints against changes in the HIV-2 capsid, the first CD8+ T-cell 
responses that are mounted against conserved epitopes can persist and continue to 
control viraemia for years. 
 
Another key limitation worth discussing is common to most studies exploring immune 
correlates of protection in natural HIV infection, namely, the difficulty in determining 
whether the potent anti-HIV-2 CD8+ T-cell responses observed represent the cause of 
HIV-2 viral control, or if they are simply a reflection of an intact immune system due to 
limited viral replication secondary to other factors (either viral or host immune). Several 
observations argue for a causative role. Remarkably high neutralising antibody 
responses in HIV-2 infection are evident (Chapter 5 and [310, 362]), but in contrast to 
T-cell responses, there is no association between the magnitude or breadth of this 
response and viral control [268]. The current analyses also fail to show an association 
between CD4+ T-cell counts (a reliable marker of immunodeficiency) and the 
magnitude or quality of the HIV-2 Gag specific CD8+ T-cell response.  
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Nevertheless, the strongest evidence for a causative role would be established by 
achieving elite control of HIV-2 in viraemic individuals via immuno-therapeutic 
strategies designed to induce CD8+ T-cell responses with the characteristics described 
in this study. The current data should, therefore, pave the way for developing CD8+ T-
cell based therapeutic strategies against HIV-2. An HIV-2 Gag-based therapeutic T-cell 
vaccine could provide proof-of-concept for future induction of HIV-1 immune-mediated 
control and allow valuable lessons to be learned about robust vaccine-induced control of 
HIV infection.  This would represent a vital step closer to an HIV-1 vaccine from the 
recent success of anti-SIV vaccines in animal models! VLZ8E! XKXW. In addition, it may 
provide a non-pharmacological therapeutic option for clinical care of HIV-2 infected 
subjects, who are often disadvantaged by sub-optimal ART regimes! VKW, compounded 
by the lack of reliable drug procurement in resource-limited settings.   
 
"!!!!!!!!!!!!!!!!!!!!!!!!
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4:>! R-;0*:#! #P%;#$$&/,! %*''#;,$! /0! ,#+*'&C#! ;#+-D*'/;>! )/D#:-D#$! &.#,'&0>!.#'#;)&,*,'$! /0! C&;-$7$%#:&0&:! 1"^3! N7:#DD! #P(*-$'&/,! &,! 456! &,0#:'&/,F!
Q:&&C$8JLLE,,Mf2^JZ72^LZF!X2ZF! 4#;$%#;+#;!\_E!S*;'&,! n@E!R(&,!ObE!R(#'(!dSE!p/C*:$!1SE!1/$)*!9O=$#+$4:>!5,:;#*$#.! 4567$%#:&0&:! 1"^3! N7:#DD! :>'/'/P&:! %/'#,'&*D! &,! 456! #D&'#!:/,';/DD#;$!&$!*$$/:&*'#.!H&'(!N7=#'!#P%;#$$&/,F!Q:&&C$8JLLE,,MfXMYY7X^J^F!X2KF! O&-!rE! 1-)=#;D*,.!T9E!4-D'&,!OBE!d;&,:#!4BE!"#'#D$!_E!9&/;+&! n6F!BD#C*'#.!1"X^!*,'&+#,!#P%;#$$&/,!/,!1"^3!N!:#DD$!&$!*!$';/,+#;!)*;G#;!0/;!'(#!;&$G!/0!:(;/,&:!456!.&$#*$#!%;/+;#$$&/,!'/!\5"R!*,.!.#*'(!&,!'(#!S-D'&:#,'#;!\5"R!1/(/;'!R'-.>!'(*,!1"23!:#DD!:/-,'E!$/D-=D#!&))-,#!*:'&C*'&/,!)*;G#;$E!/;!
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:/)=&,*'&/,$!/0!4O\7"_!*,.!1"X^!#P%;#$$&/,F!G$B%PF*;$/''F,#$7#-*%$?H,C;$
.F'$E#+;&<*;&:$LYYME,*f^X7Y8F!X2MF! 1(-,!NTE!n-$'#)#,'!nRE!R*,0/;.!1E!4*DD*(*,!1TE!dD*,'*!S\E!O/-'0>!S=$#+$4:>!_#D*'&/,$(&%! =#'H##,! '(#! 0;#Q-#,:>! /0! 4567$%#:&0&:! 1"^3! N! :#DD$! *,.! '(#!D#C#D!/0!1"X^31"^3!N!:#DD$!&,!-,';#*'#.!4567&,0#:'#.!&,.&C&.-*D$F!@;&%$A4+:$
B%4C$?%*$D$?$B$8JJ2E,Q,f82K2782KYF!X2^F! O/%#e!SE! R/;&*,/! 6E! [#,&'/! nSF! B$:*%#!)-'*'&/,$! &,!456! &,0#:'&/,! *,.! &'$!&)%*:'!/,!1"^3!N!:#DD!;#$%/,$#$F!6F;;$I&:$I#C$8JJMEMf22K72Z^F!X2YF! p&#%&#D*!dE!@+-)=#D*!pE!N(/=*G+*D#!1E!_*).-'(!"E!4/,#>=/;,#!5E!S//.D#>!B=$ #+$ 4:>! 1"^3! N7:#DD! ;#$%/,$#$! '/! .&00#;#,'! 456! %;/'#&,$! (*C#! .&$:/;.*,'!*$$/:&*'&/,$!H&'(!C&;*D!D/*.F!A4+$I#C$8JJME,Rf2K7ZXF!XZJF! [-:(=&,.#;! RdE!S#(;/';*!"6E!"-#;;!\E! ?&'e+#;*D.!"TE!S/++!_E! O&!"=$ #+$4:>!B00&:*:>! *$$#$$)#,'! /0! *! :#DD7)#.&*'#.! &))-,&'>! 4567L! C*::&,#! <'(#! R'#%!R'-.>Af! *! ./-=D#7=D&,.E! ;*,./)&$#.E! %D*:#=/7:/,';/DD#.E! '#$'7/07:/,:#%'!';&*DF!K4,%#+$8JJ^ERMPfL^^L7L^YXF!XZLF! 1(#C*D&#;!S?E! n-D+![E!d>/!\E! ?D*,.#;$!SE!_*,*$&,+(#!RE! R/+(/&*,!"r=$#+$4:>!4567L7$%#:&0&:!&,'#;D#-G&,78L3!1"23!N!:#DD!;#$%/,$#$!:/,';&=-'#!'/!.-;*=D#!C&;*D!:/,';/D!'(;/-+(!'(#!)/.-D*'&/,!/0!4567$%#:&0&:!1"^3!N!:#DD!0-,:'&/,F!G$
0*;&:$8JLLEUTfMXX7M2LF!XZ8F! r-,&+*!_E! O-::(#''&!\E!9*DC*,!dE! R*,:(#e! RE! R*,:(#e!1E!4#;,*,.#e!\=$#+$4:>!_#D*'&C#! ./)&,*,:#! /0! 9*+! %827$%#:&0&:! :>'/'/P&:! N! D>)%(/:>'#$! &$!*$$/:&*'#.! H&'(! (-)*,! &))-,/.#0&:&#,:>! C&;-$! :/,';/DF! G$ 0*;&:$8JJKEUQfXL887XL8ZF!XZXF! S*$#)/D*!\E!S*$(&$(&!NE!p(/-;>!9E!S/(-=#!dE!S/G+/'(/!dE!6*;.*$!B=$#+$4:>!4&#;*;:(&:*D! '*;+#'&,+!/0!$-='>%#!1!(-)*,! &))-,/.#0&:&#,:>!C&;-$! '>%#!L!%;/'#&,$!=>!1"^3!N!:#DD$f!:/;;#D*'&/,!H&'(!C&;*D!D/*.F!G$0*;&:$8JJ2EMUfX8XX7X82XF!XZ2F! @*C&$!SE!R:(#DD#,$!5E!C*,![**;D#!"E![/;+(*,$!nE!C*,!RH&#'#,!dE!S&#.#)*!?=$#+$
4:>! 6&;*D! ;#%D&:*'&/,! :*%*:&'>! *$! *! :/;;#D*'#! /0! 4O\! [ZMk[Z^JL7*$$/:&*'#.!,/,%;/+;#$$&C#!4567L!&,0#:'&/,F!G$/''F,&:$8JJME,MSfXLXX7XL2XF!XZZF! n-D+![E!T&DD&*)$!pOE!_#..>!RE![&$(/%!pE!o&!bE!1*;;&,+'/,!S=$#+$4:>!B,(*,:#.!*,'&7456! 0-,:'&/,*D! *:'&C&'>! *$$/:&*'#.! H&'(! 9*+7$%#:&0&:! 1"^! N7:#DD!;#$%/,$#$F!G$0*;&:$8JLJEU-fZZ2J7ZZ2YF!XZKF! p/$'#,$#!RE!6*,.#,=#;+(#!pE!n/D&,+!nE!6*,![**;D#!"E!@*,D/(>!@E!S*,'&,+!B=$#+$
4:>!d#;$&$'#,'!,-)=#;$!/0! '#';*)#;3!1"^<3A!N!:#DD$E!=-'! D/$$!/0! &,'#;0#;/,7+*))*3! 4567$%#:&0&:! N! :#DD$! .-;&,+! %;/+;#$$&/,! '/! \5"RF! Q:&&C$8JJ8ESSf8ZJZ78ZLLF!XZMF! 4/D'*%%#D$! _E! n*,.*! nE! N(/)*$! "E! R:(#,G! RE! _#..#(*$#! SnE! 9#+&,*'! 9F!\./%'&C#!1"^!N!:#DD!:/,';/D!/0!%*'(/+#,$!:*,,/'!=#!&)%;/C#.!=>!:/)=&,&,+!%;/'#:'&C#!#%&'/%#!$%#:&0&:&'&#$F!G$/,-#%+$7*)$8JJ^E,SMfK887K8YF!XZ^F! \../!SSE!";*#,#;'!_E!_*'(/.!\E!6#;;&DD!1OE!"*C&$![NE!9*,.(&!_N=$#+$4:>!?-DD>!.&00#;#,'&*'#.! 4567L! $%#:&0&:! 1"^3! N! #00#:'/;! :#DD$! *;#! )/;#! 0;#Q-#,'D>!.#'#:'*=D#! &,! :/,';/DD#.! '(*,! &,! %;/+;#$$&C#! 4567L! &,0#:'&/,F! @K&?$ J,#$8JJMEPf#X8LF!XZYF! d*%*+,/! OE! \%%*>! 6E! R-''/,! nE! _/$';/,! NE! 9&DD#$%&#! 9SE! j++! 9R=$ #+$ 4:>!1/)%*;&$/,!=#'H##,!4567!*,.!1S67$%#:&0&:!N!:#DD! ;#$%/,$#$! &,! D/,+7'#;)!456!&,0#:'#.!./,/;$F!6:*,$LR($/''F,&:$8JJ8E,RQfZJY7ZLMF!XKJF! [-;+#;$!T\E!_&/-!1E!SD/'$(H*!SE!S*#,#']#!dE!.#!\$$&$!_/$*!"E![;#,:(D#>!n=$
#+$4:>!\$$/:&*'&/,!/0!4567$%#:&0&:! *,.! '/'*D!1"^3!N!)#)/;>!%(#,/'>%#$! &,!$-='>%#!1!4567L! &,0#:'&/,!H&'(! C&;*D! $#'! %/&,'F! G$ /''F,&:$8JJYE,UPf2MZL72MKLF!
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XKLF! R*-:#!"E! \D)#&.*! n_E! O*;$#,!SE!4*;/! OE! \-';*,![E! ?;##)*,!9n=$ #+$4:>! d"7L!#P%;#$$&/,!/,!(-)*,!1"^!N!:#DD$!.#%#,.$!/,!=/'(!$'*'#!/0!.&00#;#,'&*'&/,!*,.!*:'&C*'&/,!$'*'-$F!B/7?$8JJMEP,f8JJZ78JLXF!XK8F! jeG*>*! R*(&,! 9E! 4/D)+;#,! [E! .*! R&DC*! rE! @&#D$#,! nE! @/H;//e*D&e*.#(! RE!B$=]/;,$$/,! n=$ #+$ 4:>! d/'#,'! &,';*'>%#! ,#-';*D&e&,+! *:'&C&'>! .&$'&,+-&$(#$!(-)*,! &))-,/.#0&:&#,:>! C&;-$! '>%#! 8! <45678A! 0;/)! 4567LF! G$ 0*;&:$8JL8EU*fYKL7YMLF!XKXF! [*;/-:(! "4E! O&-! nE! O&! 4E! S*P0&#D.! O?E! \==&,G! dE! O>,:(! "S=$ #+$ 4:>! 6*::&,#!%;/'#:'&/,! *+*&,$'! *:Q-&$&'&/,!/0! ,#-';*D&e*'&/,7;#$&$'*,'! R56! :(*DD#,+#$! &,!;(#$-$!)/,G#>$F!A4+F;#$8JL8E-UPf^Y7YXF!XK2F! p##D#! [?E! n/,#$! n4E! N#;&/! p\E! B$'#$! n"E! _-.&:#DD! _RE! T&D$/,! SO=$ #+$ 4:>!5,:;#*$#.!)/;'*D&'>! *,.!\5"R7D&G#! &))-,/%*'(/D/+>! &,!H&D.! :(&)%*,e##$!&,0#:'#.!H&'(!R56:%eF!A4+F;#$8JJYE-*QfZLZ7ZLYF!!
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!11KI>EV"
Appendix 1. Table of all sequence details used in Chapter 3 
 
!"#$%&'()' *+,-./01'
2&"/'+3'
4"#$%5-6' 75/,4'8&65+-'
9::&445+-'
;,#<&/'
!"#$%#& '()& %**+& ,-./%&0%$& 123456678&
!"$9:+& '()& %**+& ,-./%&0%$& 123456678&
!"$$$$& '()& %**+& ,-./%&0%$& 123456678&
!"$;<$& '()& %**+& ,-./%&0%$& 123456678&
!"+:$9& '()& %**+& ,-./%&0%$& 123456678&
!"+%*#& '()& %**+& ,-./%&0%$& 123456678&
!"+%<#& '()& %**+& ,-./%&0%$& 123456678&
!"+%#<& '()& %**+& ,-./%&0%$& 123456678&
!"+%=9& '()& %**+& ,-./%&0%$& 123456678&
!"+<9*& '()& %**+& ,-./%&0%$& 123456678&
!"=*<$& '()& %**=& ,-./%&0%$& 123456678&
>****;& '()& :;;$& ,-./%&0%$& 123456678&
>***<=& '()& :;;$& ,-./%&0%$& 123456678&
>***#9& '()& :;;$& ,-./%&0%$& 123456678&
>***+$& '()& :;;$& ,-./%&0%$& 123456678&
>***;$& '()& :;;$& ,-./%&0%$& 123456678&
>**::#& '()& :;;$& ,-./%&0%$& 123456678&
>**:%#& '()& :;;$& ,-./%&0%$& 123456678&
>**:%$& '()& :;;$& ,-./%&0%$& 123456678&
>**:%;& '()& :;;$& ,-./%&0%$& 123456678&
>**:<#& '()& :;;$& ,-./%&0%$& 123456678&
>**:#9& '()& :;;$& ,-./%&0%$& 123456678&
>**:#+& '()& :;;$& ,-./%&0%$& 123456678&
>**:=$& '()& :;;$& ,-./%&0%$& 123456678&
>**%*<& '()& :;;$& ,-./%&0%$& 123456678&
>**%##& '()& :;;$& ,-./%&0%$& 123456678&
>*9*$$& '()& %**<& ,-./%&0%$& 123456678&
>*9*=<& '()& %**<& ,-./%&0%$& 123456678&
>*9:=;& '()& %**<& ,-./%&0%$& 123456678&
>*9%$#& '()& %**<& ,-./%&0%$& 123456678&
>*9%$;& '()& %**<& ,-./%&0%$& 123456678&
>*9%+$& '()& %**<& ,-./%&0%$& 123456678&
>*9%=*& '()& %**<& ,-./%&0%$& 123456678&
>*9<==& '()& %**<& ,-./%&0%$& 123456678&
>*99*#& '()& %**<& ,-./%&0%$& 123456678&
>*99%$& '()& %**<& ,-./%&0%$& 123456678&
>*9+%%& '()& %**=& ,-./%&0%$& 123456678&
>$%#%%& '()& :;;$& ,-./%&0%$& 123456678&
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>$#<*;& '()& %**$& ,-./%&0%$& '?9=#99=&
>$#<:*& '()& %**$& ,-./%&0%$& '?9=#99;&
>$#<:<& '()& %**$& ,-./%&0%$& '?9=#9#*&
>$#<<*& '()& %**$& ,-./%&0%$& '?9=#9#+&
>$#<<:& '()& %**$& ,-./%&0%$& '?9=#9#=&
>$#<<<& '()& %**$& ,-./%&0%$& '?9=#9$*&
>$#<<$& '()& %**$& ,-./%&0%$& '?9=#9$:&
>$#<9:& '()& %**$& ,-./%&0%$& '?9=#9$#&
>$#<9+& '()& %**$& ,-./%&0%$& '?9=#9$+&
>$#<9;& '()& %**$& ,-./%&0%$& '?9=#9$=&
>$#<#*& '()& %**$& ,-./%&0%$& '?9=#9$;&
>$#<#9& '()& %**$& ,-./%&0%$& '?9=#9+%&
>$#<#=& '()& %**$& ,-./%&0%$& '?9=#9+#&
>$#<$:& '()& %**$& ,-./%&0%$& '?9=#9+$&
>$#<$<& '()& %**$& ,-./%&0%$& '?9=#9++&
>$#<$+& '()& %**$& ,-./%&0%$& '?9=#9+=&
>$#<$;& '()& %**$& ,-./%&0%$& '?9=#9+;&
>$#<+*& '()& %**$& ,-./%&0%$& '?9=#9=*&
>$#<=%& '()& %**$& ,-./%&0%$& '?9=#9=%&
>$#<=9& '()& %**$& ,-./%&0%$& '?9=#9=<&
>$#<=$& '()& %**$& ,-./%&0%$& '?9=#9=9&
>$#<==& '()& %**$& ,-./%&0%$& '?9=#9=#&
>$#<;%& '()& %**$& ,-./%&0%$& '?9=#9==&
>$#<;9& '()& %**$& ,-./%&0%$& '?9=#9=;&
>$#<;=& '()& %**$& ,-./%&0%$& '?9=#9;*&
>$#9*<& '()& %**$& ,-./%&0%$& '?9=#9;:&
>$#9*$& '()& %**$& ,-./%&0%$& '?9=#9;%&
>$#9:*& '()& %**$& ,-./%&0%$& '?9=#9;#&
>$#9:#& '()& %**$& ,-./%&0%$& '?9=#9;$&
>$#9:=& '()& %**$& ,-./%&0%$& '?9=#9;+&
>$#9%9& '()& %**$& ,-./%&0%$& '?9=#9;=&
>$#9%$& '()& %**$& ,-./%&0%$& '?9=#9;;&
>$#9<#& '()& %**$& ,-./%&0%$& '?9=##**&
>$#9<$& '()& %**$& ,-./%&0%$& '?9=##*:&
>$#9;9& '()& %**$& ,-./%&0%$& '?9=##*9&
>$##**& '()& %**$& ,-./%&0%$& '?9=##*#&
>$###%& '()& %**$& ,-./%&0%$& '?9=##*$&
>$####& '()& %**$& ,-./%&0%$& '?9=##*+&
>$##+#& '()& %**$& ,-./%&0%$& '?9=##*;&
>$#$**& '()& %**$& ,-./%&0%$& 123456678&
>$#$*:& '()& %**$& ,-./%&0%$& '?9=##::&
>$#$*#& '()& %**$& ,-./%&0%$& '?9=##:%&
>$#$::& '()& %**$& ,-./%&0%$& '?9=##:<&
>$#$:%& '()& %**$& ,-./%&0%$& '?9=##:9&
>$#$:<& '()& %**$& ,-./%&0%$& '?9=##:#&
>$#$$$& '()& %**+& ,-./%&0%$& 123456678&
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>$#$$+& '()& %**+& ,-./%&0%$& 123456678&
>$#$$=& '()& %**+& ,-./%&0%$& 123456678&
;$9;& @A& :;;#& ,-./%&7BC& "D:+**<;&
;$:#*& !.& :;;$& ,-./%&7BC& "D:+**9:&
;$:#:& @A& :;;$& ,-./%&7BC& "D:+**<9&
;$:;;& !.& :;;#& ,-./%&7BC& "D:+**9<&
;$%*%& ED& :;;#& ,-./%&7BC& "D:+**9*&
;$%*<& !.& :;;#& ,-./%&7BC& "D:+**9;&
;$%*#& ',& :;;$& ,-./%&7BC& "D:+**<:&
;$%*$& F>& :;;9& ,-./%&7BC& "D:+**9=&
;$<*=& !.& :;;9& ,-./%&7BC& "D:+**9%&
;$<:*& F>& :;;$& ,-./%&7BC& "D:+**<$&
;$<%<& !-& :;;9& ,-./%&7BC& "D:+**<%&
;$<%9& '(& :;;$& ,-./%&7BC& "D:+**9$&
;$<%$& @A& :;;9& ,-./%&7BC& "D:+**<=&
;$<%+& !.& :;;$& ,-./%&7BC& "D:+**99&
;$<%;& '(& :;;9& ,-./%&7BC& "D:+**9#&
;+%%<& !-& :;;+& ,-./%&7BC& "D:+**<<&
*<!@#:*& !@& %**<& ,-./%&7BC& GH*%=<9#&
+<:%"& !-& :;;*& ,-./%&7BC& A<$=+9&
"A-& '(& :;=;& ,-./%&7BC& "D*=%<<;&
E:**%& '()& :;;:& ,-./%&7BC& "I**=%=<&
E:*:*& '()& :;;:& ,-./%&7BC& "I**=%=9&
E:*::& '()& :;;:& ,-./%&7BC& "I*::%%<&
E:*:9& '()& :;;:& ,-./%&7BC& "I*::%#*&
E:*:#& '()& :;;:& ,-./%&7BC& "I**=%=#&
E:*%%& '()& :;;:& ,-./%&7BC& "I**=%=$&
E:*%9& '()& :;;:& ,-./%&7BC& "I*::%%9&
E:*%#& '()& :;;:& ,-./%&7BC& "I*::%%#&
E:*%+& '()& :;;:& ,-./%&7BC& "I*::%%$&
E:*%=& '()& :;;:& ,-./%&7BC& "I**=%==&
E:*<<& '()& :;;:& ,-./%&7BC& "I**=%=;&
E:*<$& '()& :;;:& ,-./%&7BC& "I*::%%+&
E:*9:& '()& :;;:& ,-./%&7BC& "I**=%;*&
E:*9%& '()& :;;:& ,-./%&7BC& "I*::%%=&
E:*9$& '()& :;;:& ,-./%&7BC& "I**=%;:&
E:*9=& '()& :;;:& ,-./%&7BC& "I**=%;%&
E:*9;& '()& :;;:& ,-./%&7BC& "I**=%;<&
E:*#<& '()& :;;:& ,-./%&7BC& "I*::%#:&
E:*#9& '()& :;;:& ,-./%&7BC& "I*::%<:&
E:*#=& '()& :;;:& ,-./%&7BC& "I**=%;9&
E:*$=& '()& :;;:& ,-./%&7BC& "I**=%;#&
E:*+;& '()& :;;:& ,-./%&7BC& "I**=%;+&
E:*=<& '()& :;;:& ,-./%&7BC& "I*::%#%&
E:*=9& '()& :;;:& ,-./%&7BC& "I*::%#<&
E:*==& '()& :;;:& ,-./%&7BC& "I*::%#9&
 251!
E:*=;& '()& :;;:& ,-./%&7BC& "I*::%##&
E:*;#& '()& :;;:& ,-./%&7BC& "I**=%;=&
E::**& '()& :;;:& ,-./%&7BC& "I*::%<<&
E::%:& '()& :;;:& ,-./%&7BC& "I**=%;;&
E::%<& '()& :;;:& ,-./%&7BC& "I*::%#$&
E::%9& '()& :;;:& ,-./%&7BC& "I*::%#+&
E::%+& '()& :;;:& ,-./%&7BC& "I*::%<9&
E::%=& '()& :;;:& ,-./%&7BC& "I*::%<#&
E::%;& '()& :;;:& ,-./%&7BC& "I**=<**&
E::<<& '()& :;;:& ,-./%&7BC& "I*::%#=&
E::<9& '()& :;;:& ,-./%&7BC& "I*::%<+&
E::9$& '()& :;;:& ,-./%&7BC& "I**=<*:&
E::#<& '()& :;;:& ,-./%&7BC& "I*::%<=&
E::$*& '()& :;;:& ,-./%&7BC& "I*::%<;&
E::$#& '()& :;;:& ,-./%&7BC& "I**=<*%&
E::+9& '()& :;;:& ,-./%&7BC& "I*::%$*&
E::=<& '()& :;;:& ,-./%&7BC& "I**=<*<&
E::=+& '()& :;;:& ,-./%&7BC& "I*::%$%&
E::;%& '()& :;;:& ,-./%&7BC& "I**=<*9&
E::;<& '()& :;;:& ,-./%&7BC& "I*::%9%&
E::;=& '()& :;;:& ,-./%&7BC& "I*::%$9&
E:%**& '()& :;;:& ,-./%&7BC& "I*::%$#&
E:%*+& '()& :;;:& ,-./%&7BC& "I*::%9<&
E:%:*& '()& :;;:& ,-./%&7BC& "I*::%99&
E:%:#& '()& :;;:& ,-./%&7BC& "I**=<*#&
E:%:$& '()& :;;:& ,-./%&7BC& "I*::%9#&
E:%%%& '()& :;;:& ,-./%&7BC& "I*::%$+&
E:%%;& '()& :;;:& ,-./%&7BC& "I**=<*$&
E:%<:& '()& :;;:& ,-./%&7BC& "I**=<*+&
E:%<<& '()& :;;:& ,-./%&7BC& "I*::%$=&
E:%9%& '()& :;;:& ,-./%&7BC& "I**=<*;&
E:%##& '()& :;;:& ,-./%&7BC& "I**=<:*&
E:%$%& '()& :;;:& ,-./%&7BC& "I*::%9=&
E:%$#& '()& :;;:& ,-./%&7BC& "I**=<::&
E:%+*& '()& :;;:& ,-./%&7BC& "I*::%$;&
E:%+$& '()& :;;:& ,-./%&7BC& "I*::%+*&
E:%++& '()& :;;:& ,-./%&7BC& "I**=<:%&
E:%=$& '()& :;;:& ,-./%&7BC& "I*::%+:&
E:%;<& '()& :;;:& ,-./%&7BC& "I**=<:<&
E:%;+& '()& :;;:& ,-./%&7BC& "I**=<:9&
E:<*:& '()& :;;:& ,-./%&7BC& "I*::%+%&
E:<*%& '()& :;;:& ,-./%&7BC& "I**=<:#&
E:<*<& '()& :;;:& ,-./%&7BC& "I**=<:$&
EG>& @A& :;=+& ,-./%&7BC& @<*#*%&
!"$9:+& '()& %**+& ,-./%&7BC& I>=$<==<&
!"+:$9& '()& %**+& ,-./%&7BC& I>=$<==9&
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!"+%*#& '()& %**+& ,-./%&7BC& I>=$<=;+&
!"+%#<& '()& %**+& ,-./%&7BC& I>=$<=;=&
!"+<9*& '()& %**+& ,-./%&7BC& I>=$<==%&
!"@:& '(& :;=+& ,-./%&7BC& H*#<#;&
!"@%& '(& :;=+& ,-./%&7BC& J**=<#&
!"@<& '(& :;=+& ,-./%&7BC& H*#<##&
!"@9& '(& :;=+& ,-./%&7BC& H*#<#$&
!"@#& '(& :;=+& ,-./%&7BC& H*#<#+&
!"@$& '(& :;=+& ,-./%&7BC& H*#<#=&
!EA%:& '@& :;==& ,-./%&7BC& H*#<#*&
!EA%%& '@& :;==& ,-./%&7BC& H*#<#:&
!EA%<& '@& :;==& ,-./%&7BC& "K#*;%#;&
!EA%9& '@& :;==& ,-./%&7BC& "I%<=;;;&
J:;9& '@& :;=+& ,-./%&7BC& I*9#9%&
D'>-,L& '(& :;=$& ,-./%&7BC& I*<$#9&
',:& !-& :;=$& ,-./%&7BC& @<*=;#&
-FKFEA$$$;& '@& :;=#& ,-./%&7BC& I*99;=&
@-!;+& '(& :;;+& ,-./%&7BC& "K:$=;%#&
@I!;+& '(& :;;+& ,-./%&7BC& GH*%:*;%&
>9*:<& '()& %**<& ,-./%&7BC& I>=$<=9$&
>9:*%& '()& %**<& ,-./%&7BC& I>=$<=#$&
>9::#& '()& %**<& ,-./%&7BC& I>=$<=$*&
>9:<+& '()& %**<& ,-./%&7BC& I>=$<=$:&
>9:9#& '()& %**<& ,-./%&7BC& I>=$<=#9&
>9:#<& '()& %**<& ,-./%&7BC& I>=$<=$<&
>9:$+& '()& %**<& ,-./%&7BC& I>=$<=$%&
>9:+%& '()& %**<& ,-./%&7BC& I>=$<=$+&
>9:=%& '()& %**<& ,-./%&7BC& I>=$<=$9&
>9%*#& '()& %**<& ,-./%&7BC& I>=$<=#=&
>9%*$& '()& %**<& ,-./%&7BC& I>=$<=$#&
>9%:=& '()& %**<& ,-./%&7BC& I>=$<=#+&
>9%%*& '()& %**<& ,-./%&7BC& I>=$<=##&
>9%#=& '()& %**<& ,-./%&7BC& I>=$<=#%&
>9%$;& '()& %**<& ,-./%&7BC& I>=$<=<$&
>9%+%& '()& %**<& ,-./%&7BC& I>=$<=:*&
>9%=;& '()& %**<& ,-./%&7BC& I>=$<+;%&
>9%;:& '()& %**<& ,-./%&7BC& I>=$<=#<&
>9%;%& '()& %**<& ,-./%&7BC& I>=$<=#;&
>9<==& '()& %**<& ,-./%&7BC& I>=$<=$$&
>99*:& '()& %**<& ,-./%&7BC& I>=$<=*:&
>9+%%& '()& %**=& ,-./%&7BC& I>=$<==#&
>$#<:+& '()& %**$& ,-./%&7BC& I>=$<=$=&
>$#<:;& '()& %**$& ,-./%&7BC& '?9=##:=&
>$#<%*& '()& %**$& ,-./%&7BC& I>=$<=$;&
>$#<%$& '()& %**$& ,-./%&7BC& '?9=##:;&
>$#<<*& '()& %**$& ,-./%&7BC& '?9=##%*&
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>$#<<%& '()& %**$& ,-./%&7BC& '?9=##%%&
>$#<<<& '()& %**$& ,-./%&7BC& '?9=##%<&
>$#<<=& '()& %**$& ,-./%&7BC& '?9=##%9&
>$#<9+& '()& %**$& ,-./%&7BC& '?9=##%$&
>$#<9;& '()& %**$& ,-./%&7BC& '?9=##%+&
>$#<#9& '()& %**$& ,-./%&7BC& '?9=##%=&
>$#<##& '()& %**$& ,-./%&7BC& '?9=##%;&
>$#<#=& '()& %**$& ,-./%&7BC& '?9=##<*&
>$#<$:& '()& %**$& ,-./%&7BC& '?9=##<:&
>$#<$<& '()& %**$& ,-./%&7BC& '?9=##<%&
>$#<$#& '()& %**$& ,-./%&7BC& I>=$<=+*&
>$#<$+& '()& %**$& ,-./%&7BC& '?9=##<<&
>$#<$;& '()& %**$& ,-./%&7BC& '?9=##<9&
>$#<+*& '()& %**$& ,-./%&7BC& '?9=##<#&
>$#<+:& '()& %**$& ,-./%&7BC& I>=$<=+:&
>$#<+%& '()& %**$& ,-./%&7BC& I>=$<=+%&
>$#<+<& '()& %**$& ,-./%&7BC& '?9=##<$&
>$#<=:& '()& %**$& ,-./%&7BC& I>=$<=+<&
>$#<=%& '()& %**$& ,-./%&7BC& '?9=##<+&
>$#<==& '()& %**$& ,-./%&7BC& I>=$<=+9&
>$#<=;& '()& %**$& ,-./%&7BC& '?9=##<=&
>$#<;*& '()& %**$& ,-./%&7BC& I>=$<=+#&
>$#<;:& '()& %**$& ,-./%&7BC& '?9=##<;&
>$#<;%& '()& %**$& ,-./%&7BC& '?9=##9*&
>$#<;#& '()& %**$& ,-./%&7BC& I>=$<=+$&
>$#<;;& '()& %**$& ,-./%&7BC& I>=$<=++&
>$#9*%& '()& %**$& ,-./%&7BC& I>=$<=+=&
>$#9*;& '()& %**$& ,-./%&7BC& '?9=##9<&
>$#9::& '()& %**$& ,-./%&7BC& I>=$<=+;&
>$#9:#& '()& %**$& ,-./%&7BC& '?9=##99&
>$#9:=& '()& %**$& ,-./%&7BC& '?9=##9#&
>$#9%$& '()& %**$& ,-./%&7BC& '?9=##9$&
>$#9;9& '()& %**$& ,-./%&7BC& '?9=##9+&
>$###%& '()& %**$& ,-./%&7BC& I>=$<==*&
>$#$*:& '()& %**$& ,-./%&7BC& '?9=##9=&
>$#$*#& '()& %**$& ,-./%&7BC& '?9=##9;&
>$#$:<& '()& %**$& ,-./%&7BC& '?9=###*&
>$#$:9& '()& %**$& ,-./%&7BC& I>=$<==:&
MG-%& @A& :;=+& ,-./%&7BC& H%%*9+&
NOJ& !.& :;=#& ,-./%&7BC& @:#<;*&
FP& F>& :;=+& ,-./%&7BC& @<:::<&
H!%& !-& :;==& ,-./%&7BC& H<=%;<&
C)0& '(& :;=$& ,-./%&7BC& GH#=**;;&
G:<9& '()& :;;$& ,-./:&7BC& I>=$<+<%&
G:#;& '()& :;;$& ,-./:&7BC& I>=$<+<<&
G:;+& '()& :;;$& ,-./:&7BC& I>=$<+<9&
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G%9$& '()& :;;$& ,-./:&7BC& I>=$<+<#&
G9**#& '()& %**<& ,-./:&7BC& I>=$<++<&
G9**$& '()& %**<& ,-./:&7BC& I>=$<++%&
G9*:#& '()& %**<& ,-./:&7BC& I>=$<++9&
G9*<+& '()& %**<& ,-./:&7BC& I>=$<++#&
G9*9=& '()& %**<& ,-./:&7BC& I>=$<++$&
G9*+=& '()& %**<& ,-./:&7BC& I>=$<+++&
G9*=*& '()& %**<& ,-./:&7BC& I>=$<++=&
G9*=9& '()& %**<& ,-./:&7BC& I>=$<++:&
G9:*:& '()& %**<& ,-./:&7BC& I>=$<++;&
G9:*$& '()& %**<& ,-./:&7BC& I>=$<+=:&
G9:*+& '()& %**<& ,-./:&7BC& I>=$<+=*&
G9:%=& '()& %**<& ,-./:&7BC& I>=$<+=%&
G9:%;& '()& %**<& ,-./:&7BC& I>=$<++*&
G9:$<& '()& %**<& ,-./:&7BC& I>=$<+$;&
G9:+:& '()& %**<& ,-./:&7BC& I>=$<+=<&
G9:+9& '()& %**<& ,-./:&7BC& I>=$<+=9&
G9:;+& '()& %**<& ,-./:&7BC& I>=$<+$=&
G9%:%& '()& %**<& ,-./:&7BC& I>=$<+=#&
G9%<<& '()& %**<& ,-./:&7BC& I>=$<+$+&
G9%=#& '()& %**<& ,-./:&7BC& I>=$<+=$&
G9<*:& '()& %**<& ,-./:&7BC& I>=$<+$$&
G9<$$& '()& %**<& ,-./:&7BC& I>=$<+$#&
G9<=#& '()& %**<& ,-./:&7BC& I>=$<+<$&
G9<;9& '()& %**<& ,-./:&7BC& I>=$<+=+&
G99:=& '()& %**<& ,-./:&7BC& I>=$<+$9&
G99%9& '()& %**<& ,-./:&7BC& I>=$<+$<&
G99%#& '()& %**<& ,-./:&7BC& I>=$<+$%&
G#**$& '()& %**$& ,-./:&7BC& I>=$<+<+&
G#*#*& '()& %**$& ,-./:&7BC& I>=$<+<=&
G#<=*& '()& %**$& ,-./:&7BC& I>=$<+<;&
G##<#& '()& %**$& ,-./:&7BC& I>=$<+9*&
G##<;& '()& %**$& ,-./:&7BC& I>=$<+9:&
G#$#+& '()& %**$& ,-./:&7BC& I>=$<+9%&
G$**$& '()& %**$& ,-./:&7BC& I>=$<+9<&
G$9*<& '()& %**$& ,-./:&7BC& I>=$<+99&
G$9=%& '()& %**+& ,-./:&7BC& I>=$<+9#&
G$9;=& '()& %**+& ,-./:&7BC& I>=$<+9$&
G$#;:& '()& %**+& ,-./:&7BC& I>=$<+9+&
G$=$#& '()& %**+& ,-./:&7BC& I>=$<+9=&
G$;%%& '()& %**+& ,-./:&7BC& I>=$<+9;&
G$;#%& '()& %**+& ,-./:&7BC& I>=$<+#*&
G$;#=& '()& %**+& ,-./:&7BC& I>=$<+#:&
G+*:;& '()& %**$& ,-./:&7BC& I>=$<+#%&
G+::9& '()& %**$& ,-./:&7BC& I>=$<+#<&
G+:$#& '()& %**$& ,-./:&7BC& I>=$<+#9&
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G+<$+& '()& %**+& ,-./:&7BC& I>=$<+##&
G+9%9& '()& %**+& ,-./:&7BC& I>=$<+#$&
G+9$+& '()& %**+& ,-./:&7BC& I>=$<+#+&
G+#=%& '()& %**+& ,-./:&7BC& I>=$<+#=&
G+$<#& '()& %**+& ,-./:&7BC& I>=$<+#;&
G+$#*& '()& %**+& ,-./:&7BC& I>=$<+$*&
G++9<& '()& %**+& ,-./:&7BC& I>=$<+$:&!
1 County code: BF: Burkina Faso, CI: Cote d'Ivoire,  GH: Ghana, GM: Gambia, CV: 
Cape Verde, GW: Guinea Bissau, GWc: Guinea Bissau, 1*&cF, ML: Mali, SN: Senegal, 
CM: Cameroon. !!!!
!33)5B%W" P+" JO!" #" /88)8)" B%;4(%A'4%25" %5" JEX:P" %56)<4)B" ;'AY)<4;" .D7)()"
/Z/%8/A8)["I"\"T*0+"R-=]#:'$!&,!=/D.!.#,/'#!'(/$#!H&'(!*%%;/%;&*'#!4O\![!*DD#D#$!<[L2E![XZE![ZXE![Z^A!&,!H(/)!'#';*)#;!$'*&,&,+!H*$!*''#)%'#.F!w!5,.&C&.-*D$!H&'(!&,$-00&:&#,'!$*)%D#!C/D-)#!D#0'!0/;!'#';*)#;!#P%#;&)#,'$F!!
Subject" CD4 count 
(cells/!l)"
Viral load 
(copies/ml)"
HLA B1" HLA B2"
TD02" 525" <100" B*3501" B*5301"
TD03! 560! 82005! B*1302! B*5101!
TD05! 179! 393993! B*0801! B*1510!
TD06" 1176" <100" B*5301" B*5702"
TD07" 1135" <100" B*0801" B*5301"
TD08" 465" 3433" B*5301" B*5703"
  TD09^! 314! 693! B*4901! B*5301!
TD11! 709! <100! B*1503! B*1510!
TD12! 347! 865! B*0801! B*3910!
TD13" 509" 1632" B*1402" B*1516"
TD15" 800" 110" B*1402" B*5801"
TD16" 1313" <100" B*5301" B*5703"
TD17! 572! <100! B*1510! B*1510!
TD20" 823" <100" B*5301" B*5801"
TD21! 952! 793! B*1302! B*5001!
TD22! 444! <100! B*4901! B*8201!
TD23" 369" 517" B*1302" B*1402"
TD24" 191" 10560" B*3501" B*4901"
TD25" 669" <100" B*1510" B*5301"
TD26" 356" 892" B*1402" B*5101"
TD27" 435" <100" B*3501" B*4901"
TD28" 724" <100" B*1510" B*5301"
TD29! 521! <100! B*1503! B*5703!
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 TD30^! 890! <100! B*1402! B*8201!
TD31! 407! 107183! B*4701! B*5001!
TD32! 616! <100! B*1510! B*5201!
TD34! 530! 734! B*1503! B*4103!
TD35" 765" <100" B*0801" B*3501"
  TD36^! 489! <100! B*0801! B*5801!
TD37" 293" 708" B*0801" B*3501"
TD38" 977" <100" B*5801" B*5801"
TD39" 581" <100" B*3501" B*3501"
TD40" 673" <100" B*0801" B*5801"
TD41! 213! 20956! B*0801! B*1510!
TD42" 675" 200" B*0801" B*5801"
TD43! 382! <100! B*1510! B*4403!
TD44" 1063" <100" B*5301" B*5801"
TD45" 596" <100" B*4901" B*5301"
TD46" 301" <100" B*1503" B*3501"
TD47! 187! 1174! B*0801! B*1503!
TD48" 576" <100" B*3501" B*4201"
TD49" 311" 666" B*3501" B*3501"
TD50! 520! <100! B*4403! B*4901!
TD51! 447! <100! B*1510! B*1510!
TD52! 321! <100! B*0801! B*5001!
TD54" 925" <100" B*5001" B*5801"
TD55! 407! 484! B*0801! B*8201!
TD56" 965" <100" B*1402" B*5301"
TD57" 1127" 690" B*1510" B*3501"
TD58" 312" <100" B*0702" B*3501"
TD59" 483" 1391" B*0801" B*3501"
TD60! 770! 3878! B*0702! B*1503!
TD61! 497! <100! B*1510! B*4901!
TD62! 497! 139519! B*0801! B*1302!
TD92! 347! <100! B*1503! B*4901!
TD93" 400" 763" B*5801" B*5801"!
"
"
"
